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Preface 


^.Thc  purpose  of  this  study  was  to  characterize  tiie 
performance  of  an  optically  pumped  molecular  laser  and 
determine  the  effect  of  pump  frequency  on  output  power. 
Specifically,  the  ( 6 )  transition  in  a  chemical  HP  laser 
is  used  to  pump  ^clSo^  molecules  from  the  ground  state  to 
the  101  vibrational  energy  level.  A  population  inversion 
is  established  between  the  101  and  100  energy  levels  and 
lasing  action  is  achieved  at  4.3  microns.  The  results  of 
a  theoretical  analysis  and  an  experimental  study  are  used 
to  maximize  the  system's  performance,  clarify  the  principles 
of  operation,  and  to  resolve  discrepancies  between  theory 
arid  prior  experimental  observations .  _ 
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Optical  pumping  of  the  000  -  (10°l)jr  transition  In  ^c18q^ 
by  the  P2(6)  transition  of  an  electric  discharge  HF 

chemical  laser  was  used  to  establish  a  population  Inversion 
between  the  (10°!)^  and  (10°0)I  levels  of  12(;180jj  and 
lasing  at  4.3  microns. 

The  HF  pump  laser  was  characteri zed  and  maximum  power 
achieved  at  79 %  SF 214'  H^,  88  torr  total  pressure,  a  1 2 k V 
discharge  voltage,  and  300  pulses/sec.  Lasing  on  the  P2(4), 
P2(5),  and  P 2 ( 6 )  transitions  was  observed  with  a  beam 
divcregence  of  9  mrad.  A  pul se-to-pul se  variation  in  output 
power  of  a  factor  of  six  and  a  frequency  instability  greater 
than  200  MHz/msec,  was  observed.  A  156  micro-Joule,  106  nsec 
pulse  was  observed  multiline. 

The  P 2 ( 6 )  TEH  00  HF  beam  at  37.5  micro-J  was  coupled  into 
a  .5  inch  diameter  pyrex  cell  with  7  torr  ^2C1802  with  a  25  cm 
focal  length  CaF2  lens.  A  26  nsec  C02  pulse  was  observed  in 
the  forward  propagating  direction.  C02  lasing  was  erratic, 
due  to  near  threshold  pumping  conditions. 

A  theoretical  model  of  the  kinetics  of  the  SF,  +  H_  / 

o  c 

electric  discharge  was  established.  Pulse  widths  predicted 
by  this  theory  and  those  observed  experimental  ly  agree  well. 

The  predicted  power  amplitude  is  larger  than  observed,  due 
to  losses  not  included  in  the  model. 

The  dependence  of  C02  output  power  on  HF  frequency 
was  not  observed  experimentally.  The  contradiction  between 
established  theory  and  previous  experimental  results  was 
explained,  however. 
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Background 

Laser  sources  are  needed  across  a  wide  portion  of  the 
electromagnetic  spectrum.  The  infrared  region  is  particularly 
Important  for  several  laser  applications:  (1)  mul ti -photon 
IR  beam  photochemistry,  (2)  laser  isotope  seperatlon,  (3) 
laser  methods  for  obtaining  pure  materials ,  end  (A)  military 
applications  [1:1317].  Several  molecular  lasers,  including 
CO2 ,  CO,  f^O,  HP  and  operate  in  the  mid-infrared 
re9ion,  but  do  not  adequately  cover  this  band.  Resonant 
frequency  conversion  can  be  used  to  increase  the  number  of 
sources  in  the  mid- 1  ft  by  using  one  of  the  molecular  lasers 
to  optically  pump  a  second  laser  medium.  One  advantage  of 
such  systems  is  the  high  power  obtainable  [2:68], 

A  C02  laser  optically  pumped  by  an  HF  laser  was  developed 
for  the  Avionics  Laboratory,  Air  Force  Wright  Aeronautical 
Laboratories,  WHght-Patterson  Air  Force  Case,  Ohio  by 
the  Raytheon  Corporation  [3],  Many  characteristics  of  this 
laser  are  unknown  and  few  studios  for  optimization  of  the 
system  have  been  completed.  Several  aspects  of  the  laser's 
operation  are  not  well  understood  and  previous  experimental 
investigations  appear  to  contradict  established  theory. 

Problem  Definition 

This  investigation  will  characterize  the  performance 
of  this  HF-pmnped  CO2  laser  system  in  an  attempt  to  maximize 
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its  performance ,  clarify  the  priciples  of  operation,  reproduce 
the  work  of  reference  [3],  and  study  discrepancies  between 
theory  and  prior  experimental  results.  Output  power,  beam 
quality,  and  stability  of  the  HF  laser  will  be  examined.  The 
CO^  lasing  system  will  be  studied  to  maximize  output  power. 

In  particular,  optical  pumping  and  the  effect  of  HF  laser 
frequency  on  the  C02  output  power  will  be  studied  and  the  results 
compared  with  previous  investigations  and  theoretical  predictions. 
HF  and  CO^  power  pulse  shapes  will  be  experimentally  observed 
and  explained  in  terms  of  the  kinetics  of  the  HF  reaction  and 
the  optical  pumping  scheme. 

In  the  Raytheon  study,  no  significant  variation  in  the 
C02  output  power  was  observed  with  changes  in  the  HF  laser 
frequency  over  a  300  MHz  range  [3:64-65].  A  substantial 
variation  would  be  expected  on  theoretical  grounds,  however. 

The  main  effort  of  this  thesis  will  be  to  explain  this  discrepancy 
between  theory  and  experiment. 

Presentation 

Background  theory  on'  the  operation  of  the  HF  pump  laser 
and  on  the  optically  pumped  C02  laser  will  be  presented  in 
Chapter  II.  A  kinetic  model  of  the  HF  laser  will  be 
established.  A  model  of  the  effect  of  HF  frequency  on  C02 
power  will  also  be  established.  Chapter  III  will  describe 
the  HF  and  CO^  lasers,  as  well  as  the  experimental  set-up 
for  studying  the  frequency  -  power  relation. 


Finally,  Chapter  IV  will  present  the  results  of  characterizing 
the  HF  pump  laser,  studying  the  optically-pumped  CO2  laser, 
and  of  the  power-frequency  experiment.  Conclusions  concerning 
the  laser  system  and  the  frequency  effect  will  be  drawn. 
Recommendations  for  Improvement  of  the  lasing  system  and  for 
future  studies  are  then  made. 


Background  Theory 


Three  main  topics  will  be  presented  in  this 
chapter:  (1)  spectroscopy  of  the  HF  laser,  (2)  a  kinetic 
model  of  the  SF(j  +  H2  In  the  electric  discharge,  with  a 
derivation  of  the  population  inversion  and  power  pulse  shape, 
and  (3)  the  theory  of  the  CO2  laser  and  the  optical  pumping 
scheme,  including  a  derivation  of  the  dependence  of  CO2 
output  power  on  I! F  frequency. 

HF  Laser  Spectroscopy 

An  HF  chemical  laser  was  first  demonstrated  by  Koinpa 
and  Pimentel  with  lasing  from  the  V-2  to  L >=/  vibrational 
energy  levels  [4].  The  first  cw  IIF  laser  was  reported  by 
Spencer  et  al  [5].  SFg  was  used  as  a  fluorine  donor  and 
lasing  was  observed  for  three  different  rotational  transitions 
within  the  V-2  to  l J-l  band.  Electric  discharge  initiated 
HF  chemical  lasers  were  also  demonstrated  early  [6,7], 

Since  then  a  number  of  cw  and  pulsed  HF  lasers  using  SFg  and 
H^  have  been  demonstrated  [8-17],  Electric  'scharge,  electron 
beams,  electric  arcs,  and  Ng-SFg  collisions  at  high  temperature 
have  been  used  to  dissociate  SFg  to  produce  atomic  fluorine. 

It  is  an  electric  discharge,  SFg  type  HF  laser. that  is  used 
in  this  study. 

The  HF  chemical  laser  produces  vibrationally  excited 
HF  molecules  by  direct  reaction  of  hydrogen  with  fluorine. 

A  chain  reaction  can  be  established  and  thus  high  efficiencies 
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are  obtainable.  The  optical  gain  of  HF  lasers  is  high  and 
can  reach  1002  per  centimeter  in  pulsed  operation  [18]. 

Large  amounts  of  energy  are  released  during  the  chemical 
reaction  and  many  vibrational  levels  can  be  populated.  The 
cascading  of  transitions  from  upper  vibrational  levels  to 
the  ground  state  can  yield  a  large  number  of  lasing  lines 
in  a  single  system.  Forty  different  lines  for  HF  lasing  in 
the  2.6  to  3.4  micron  range  have  been  summarized  in 
reference  [19:404]. 

HF  lasers  operate  on  transitions  between  vibrati on a  1  - 
rotational  levels  of  the  HF  molecule.  The  vibrational 
energy  diagram  for  HF  is  shown  in  figure  1.  A  set  of 
rotational  energy  levels  is  associated  with  each  vibrational 
energy  level.  The  notation  P-jj(J)  denotes  the  transi  tion  TJ-Uy, 
J-Jj-I  to  Vr-V- 1  ,J~Jj  .  The  P2(6)  transition  is  shown  in 
figure  1  and  is  used  to  optically  pump  the  isotope  1 2 c 1 802  - 
The  frequency  of  the  P2(6)  transition  has  been  measured  by 
several  authors  [6,20-23].  The  best  experimental  value  is 
V  =  3531.3  ±.  12  CM~  1  [6],  Buchwald  reports  a  value  of 

P  — 353/./Z5  CM  !  based  on  the  absoption  of  the  P2(6) 
transition  in  ^  2  c 1 80  ^  [23].  The  wavelength  is 

X=  p-  =  2.8319  urn  (1) 

The  linewidth  of  the  HF  P2 ( 6 )  line  is  important,  for 
it  will  determine  the  range  over  which  the  HF  laser  can  be 
tuned  and  the  amount  of  HF  power  absorbed  by  the  C02  gas. 
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Energy  Level  Diagram  for  HF 
"Morse-type"  Potential 


The  three  main  broadening  mechanisms  are  natural,  collisional, 
and  Doppler. 

The  natural  linewidth  (FWHM)  is 

Aljv:r-  2:n~TR  (2) 


where  7  R  is  the  radiative  lifetime  of  the  upper  laser  level 
[24:57].  Peterson  has  measured  the  natural  linewidth  for  the 
P 2 ( >1 )  transitions  as  3  MHz  [25].  The  P 2 ( G )  transition  will  be 
assumed  to  have  a  similar  linewidth.  Collisional  and  Doppler 
broadening  will  be  shown  to  be  much  greater  than  3  MHz  and 
natural  broadening  will  be  neglected. 

Collisional  broadening  arises  from  collisions  between  the 
active  molecule  { H F )  and  all  other  molecules.  Its 
magnitude  depends  on  the  physical  properties  of  the  collision 
partners  and  on  their  partial  pressures.  The  linewidth  is 


/ 


/ 


B 


MA  m. 


B 


(3) 


where 

/n  r  \2 

gAB  ^  7T{~Aj~b)  (4) 

is  the  collisional  crossecti on ,  and  D g  are  the 
molecular  diameters  of  particles  of  type  A  (HF)  and  type  B 
(HF  collision  partners),  and/V^  are  the  masses  of  the 
particles ,  W g  is  the  number  density  of  type  B  particles, 
and  T  is  the  absolute  temperature  [34].  The  summation  is 
taken  over  all  collision  partners,  B,  including  the  self 
collisions  with  other  type  A  particles. 

To  evaluate  this  expression  for  the  HF  laser,  the 


7 


following  analysis  Is  performed: 

Introduce  the  Ideal  gas  law  and  total  pressure 


PB 


V  T 


p=Ya 


and 


B 


B 


riB  =  JL 


KT 


P_ 

KT 


(5,6) 


(7) 


Substitute  equation  (7)  Into  equation  (3): 


^c  =  n 


jL 


7rV7r/cr  '  /_Xp  J  \J  \ma  mbJ  (s) 

Let  P  be  In  torr,  atomic  radii  In  angstroms,  and  mass  In 
kg/kgmole,  then,  at  T~3  00°K: 


A  Vc  =(.225MHZ)P 


°a + ^)v<4 


(9) 


To  evaluate  this  equation  for  the  HF  laser  used  In 
this  study,  takeP-80torr  and  a  gas  mixture  of  SF6:H2=4:1 
The  partial  pressure  of  HF  Is  set  to  zero.  The  atomic 
diameters  are 


Dhf=4.3A  Du  -  2.7 A  D£Fe=4.4A 


2 

from  references  [27,28]  Then, 


[\VC  =  322  MHZ 


(10) 


Doppler  broadening  arises  from  the  distribution  of 


particle  velocities  and  the  llnewldth  Is 


A  t 


Ao 


2K  T  In 2 
M 


(ID 


8 


where  X0  is  the  line-center  wavelength,  T  is  absolute 
temperature,  and  M  is  the  mass  of  the  active  molecule. 

For  the  PgjO)  transition  in  HF  at  3G0°K,  A ^q-294MHZ- 
The  effects  of  collisional  and  Doppler  broadening  can 
be  convolved  to  give  a  total  lineshape  with  the  use  of  a 
Voigt  profile.  Assuming  that  collisional  broadening  is 
independent  of  particle  velocity,  the  total  lineshape  at 
any  wavelength  is  simply  the  convolution  of  the  Lorentzian 
(collisional)  and  Gaussian  (Doppler)  Hneshapes.  The 
total  lineshape  is  given  by  the  summation  over  all  frequency: 

.  , ,  r  f"ei2 


(«> 

where  G(\l  is  the  total  gain  lineshape  factor  as  a  function 
of  wavelength,  X  ,  XqIs  the  line-center  wavelength, 

^  "  A 03) 

v  ■  “^42VSr 


Kp  -  LA-A/  A  2-y/Tn  2 
v  ^  A"o 

Y  -  A  p  J/77  2 

X  A  A 


and  X  is  the  variable  wavelength  of  integration  [29:128]. 

This  integral  is  the  Voigt  integral  and  has  been 

A  Vn  294 

evaluated  numerically  [30].  For  j 22  ~.9/3  , 

the  linewidth  (FWHH)  is  506  KHz,  A Vy-  506  MHZ 

Several  studies  of  line  broadening  in  HF  lasers  have 
been  completed  [31-32].  These  studies  have  dealt  mainly 
with  the  P-j(O)  transitions  and  HF  -  HF  collisions.  Broadening 
of  the  l)=  2  t oV  =  l  transition  due  to  HF  -  HF  collisions  is 
7.9  MHz/Torr  HF  [31:1575].  Collisional  broadening  of  the 
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P  -j  ( 5 )  transition  at  50  torr  and  100°C  has  boon  measured  as 
672  MHz  [32:1117].  Ho  studies  of  too  PgO)  transition 
with  5Fg  collision  partners  were  found.  The  value 
will  be  used  in  this  study. 

Axial  modes  in  a  laser  ere  given  by 

v  =  ac__ 

q  2T>L  (16) 

and  the  free  spectral  range  by 

C 

kv*r2iiL  (17) 

where  L  is  cavity  length,  71  is  the  index  of  refraction 
of  the  lasing  medium,  and  C  is  the  speed  of  light.  is 

an  Integer  specifying  the  axial  mode  number.  For  TlL  -.56 
(see  the  experimental  section  for  a  description  of  the 
optical  cavity),  AK\=268MHZ.  Note  that  9 

and  thus,  one  or  two  axial  modes  will  exist  depending  on 
the  exact  value  of  L  .  The  frequency  of  the  laser  can  be 
changed  by  varying  the  cavity  length.  The  relation  between 
frequency  change  and  length  change  is 

~^Ti^  5L=-~^[bL  08) 

To  vary  the  laser  frequency  across  its  full  width  of  506  MHz, 
the  length  of  the  cavity  must  be  varied  by  2.6  um. 

This  length  change  Is  easily  achieved  with  a 
piezo-electric  crystal.  The  converse  piezo-electric  effect 
states  an  applied  electric  field  produces  a  proportional 
strain  in  the  crystal 

-  u 


s  -4- 


where  S  is  strain 


09) 

,  £  is  the  piezo-electric  constant,  and 
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E  Is  the  electric  field.  The  magnitude  of  £  for  many 
piezo-electric  materials  is  sufficient  to  provide  a  2.6  pm 
deflection  tinder  the  application  of  a  1  l:V  voltage.  A 
BaTiOj  crystal  war.  used  to  vary  the  HE  laser  frequency  and 
is  described  in  the  experimental  section. 

One  last  parameter  is  required  to  specify  the  enerqy 
levels  and  transitions.  The  transition  rate  between  energy 
levels  affects  the  population  inversion  and  output  power. 

These  transition  rates  are  given  by  the  Einstein 
coefficients.  Take  the  following  two  level  system: 


f/ 

Eg  the  upper  energy  level  and  ^  is  the  lower  level,  I 
is  the  incident  photon  intensity  and  ^2I\^/2'^2I  are  tlle 
Einstein  coefficients  defined  as 


Ap,~  the  probability  of  a  molecule  spontaneously 
decaying  from  the  upper  energy  level  to  the 
lower  level  per  unit  tine.  T-//A2I  »  t^ie 

radiative  lifetime  from  the  upper  to  lower 
energy  level. 

B,pl  «?P/r;=the  probability  per  unit  time  of  a  molecule 
^  being  stimulated  to  transition  to  the  other 

energy  level  by  the  incident  photon  intensity,  L 


The  Einstein  coefficients  are  related  by 


(20) 

[34:2-18] 
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The  Einstein  coefficient,  FJ^)/  ,  for  the  P2(6)  transition 
in  HF  is  1.372  x  10^r  see  [19:483].  The  radiative 

lifetii'S  is  then  .4  sccor.ds. 

The  spectroscopy  of  the  HF  lasing  transition  has  been 
established.  The  mechanism  for  establishing  the  population 
inversion  will  now  be  examined. 


Kinetic  Model  of  SF^  +  in  the  Electric  Discharge 

6  '  L  ~~ 

HF  chemical  lasers  establish  a  population  inversion  of 
the  vi bra ti one  1  -  rota t i onal  levels  of  HF  through  chemical  reactions 
involving  H*  t^.F,  and  £  .  The  pumping  processes  are  ■ 
chemical  reactions  whose  products  are  vibrational ly 
excited  HF  molecules.  The  two  major  reactions  are 

f  +  h2-—hf<v)+h  Aw  -  ha  (2D 

H*F2 - H  FI  V)  +  F  i\H  =~9G.O  (22) 

[35] 

Reaction  (21)  is  termed  the  cold  reaction,  due  to  its 
lower  Art  •  Population  of  theU~£)  to  V—3  levels  arc  possible, 
with  the  V—2  state  preferred: 


F+h2 - ^HF(O)  +  H  4  31.6  KCAL)MOLE 

^-^x/o^x/o'050/1  MOLE-  SEC  (23) 
F+H2 - *~HF(n  +  H  +  20.4  KCAl/mOL  E 

«r2-4  x,°/3*  10  1  Ct'/j MOLE -SEC  (24) 

rt+rtp- — *~HF(2)  T-  H  4  9.6  KCALjMOLE 

Kf-8.2  */0F  *  10  35°/TCM3/mOLE-SEC  (25) 
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f  +  h2  — Hr  (3)  +  H  +  Z.  I  MOL  E 


K  =  4.1  xl0l3x/0~'350/T 


CM3 1  MOLE -SEC 


(26) 

[36] 


Reaction  (22),  tho  hot  reaction,  populates  theU^O  to 
V—12  states,  with  the  U  =  5  or  6  state  preferred  [19:591], 

Note  that  the  set  of  reactions  (21)  and  (22)  form  a  chain 
mechanism.  As  a  result,  efficiency  based  on  output  power 
versus  electrical  input  can'  be  substantially  greater  than 
100%.  The  length  of  the  average  chain  has  been  estimated 
as  20  cycles  [14],  Systems  operating  on  both  reactions 
should  have  larger  output  powers  than  those  utilizing  only 
one  reaction. 

To  initiate  reaction  (21)  and/or  (22),  donors  for 
F,  F^.H,  and  must  be  provided.  As  noted  earlier,  SF^ 
and  have  been  used  In  a  number  of  operating  HF  lasers 
and  are  used  in  this  Raytheon  HF  laser. 

gas  is  readily  available  and  can  be  dissociated  to 
provide  H  atoms.  If  only  were  provided  with  no  dissociation, 
both  reaction  (21)  and  (22)  could  still  operate,  since 
hydrogen  is  produced  in  reaction  (21). 

The  complication  in  the  kinetics  arises  from  the  SF_ 

0 

donor  for  fluorine.  $Fr  is  used  because  it  is  inert  and  more 

o 

easily  handled  than  fluorine  gas.  Before  examining  the 
processes  for  the  production  of  F  and  F^  from  SF^  ,  the 


structure  and  properties  of  SFg  should  be  examined. 

Sulfur  hexafluoride  (SF..)  has  an  octahedral  structure 

b 
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with  six  o-borids  between  fluorine  atoms  and  the  sulfur  atom. 

Fluorine  has  one  empty  p-orbltal  (Is^s^CpS)  and  sulfur  has 

six  electrons  in  its  outer  shell  ( 1 s22s22p&3s23p4 ) .  The  six 

fluorine  atoms  each  share  one  of  the  outer  electrons  with 

the  sulfur  atom  to  form  d^sp^  hybrid  orbitals  [28:99]. 

The  S  -  F  bond  energy  is  slightly  less  than  78  kcal/mole 

(3.3  eV/molecule)  and  the  bond  length  is  approximately 

1.4  angstroms  [37: 534-539, 38:F202]. 

SFgis  very  stable  and  reacts  only  under  extreme  conditions. 

This  HF  laser  uses  an  electric  discharge  (12kV,  350  Amps)  to 

produce  the  fluorine  from  SF_ .  is  also  dissociated  in 

b  2 

the  discharge. 


The  energy  of  the  electrons  in  the  discharge  is  important 

to  the  nature  of  e*  -  SF,  reactions.  An  estimation  of 

5 


electron  energies 

can  be  obtained  with  the  model  of  figure  2. 

^  ...  _  _  . . .  r  a tu n  nr 

\i  1 

j 

LAI  HU U L 

■  r  r  if 

ANU  Ut 

F  i  g  u  r  c  2  . 

ELECTRON  DISCHARGE  MODEL 

The  electrons  at  the  cathode  have  a  potential  energy 
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of  c  1/  ,  where  &  Is  the  charge  of  an  electron  and  V  Is  the 
voltage  applied  across  the  ca thode/a node  structure.  For  a 
uniform  electric  field*  this  potential  energy  v.' ill  vary 
linearly  across  the  gap  to  zero  at  the  anode.  From  energy 
conservation,  the  decrease  in  potential  energy  of  an  electron 
as  it  moves  to  the  anode  is  equal  to  the  increase  In  the 
electron's  kinetic  energy.  The  electron  is  originally  at 
rest  and  the  kinetic  energy  of  an  electron  at  distance  X 
from  the  cathode  is 


E-e.  V 


X 


L  (27) 

The  average  kinetic  energy  at  collision  is  then 

{E)-&V^  =  ei/  A  (23) 

where  /\  Is  the  average  distance  an  electron  will  travel  before 
collision  with  a  gas  Molecule,  or  the  electron's  moan  free 
path.  If  it  is  assumed  that  an  electron  gives  all  its 
energy  to  the  gas  molecule  upon  collision,  then  the  average 
electron  energy  throughout  the  gas.  In  electron  volts, 
will  be 

(E)  -  A  /2KeV 

x  ‘  L  (29) 

for  a  12  kV  applied  voltage.  L  is  about  1  cm. 


A  very  rough  estimate  of  the  mean  free  path  can  be 
obtained  from  a  hard  sphere  model  of  collisions 

A  =  ‘thW2  (30) 

where  Ti  is  the  number  density  of  SFg  ,  d  Is  the  diameter 
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of  SF.  and  t ho  equation  is  valid  for  light-heavy  particle 
b 

interactions.  Taking d  ~2.8A( twice  the  S-F  bond  length)  and 

using  the  Ideal  gas  equation  for,  number  density 

/*  .<2  \ 

TORR 

(31) 


r?  =  £  -  TORR 

KT  (I.38xI0-2o)(300)J0ULE 


Then,  T)  =  2.6  *I024  !Im3  and  A  =  6.4^m. 


This  estimate  is  crude,  for  it  completely  neglects 

the  electric  field  Interaction.  A  more  accurate  value  for 

A  is  obtained  from  a  measurement  of  the  e"  -  SFg  crossection. 

_/g 

This  crossection  has  been  measured  as  G  =  2.2*/0  nr. 

Thus , 


A=  <=^5-  -  L79firr>. 


This  slightly  smaller  mean  free  path  will  be  used  for 
further  calculations. 

The  average  electron  energy  from  equation  (29)  is 

"  ^=Tl2kV<LZ35iL0~)l2^2-2^V  (33) 

The  average  electron  velooity  is  about  10®  m/s ec. 

The  mean  free  path  is  small  compared  to  the  anode- 
cathode  separation  and  the  elctrons  will  suffer  many 
collisions  before  clearing  the  discharge  volume.  The  large 
number  of  electron  collisions  and  low  average  energy  suggests 
some  sense  of  equilibrium  may  be  obtained,  and  the  electrons 
could  be  characterized  by  a  temperature  T  ,  such  that 

(E)=§-xr  (34) 

The  temperature  at  2.2  eV  is  then  25,500  °K. 

The  actual  distribution  of  electron  energies  is  potentially 
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complex.  There  exists  a  large  electric  field,  accelerating 

the  electrons.  There  also  exists  a  number  of  collision 

partners  that  could  selectively  depopulate  particular  energy 

electrons  from  the  distribution.  A  steady  state  solution 

of  the  Boltzman  equation  for  a  system  with  an  18  kV/cm 

electric  field  was  computed  [41]  and  modified  for  an  SFg  -H 2 

mixture  [42].  Results  Indicate  a  distribution  that  does 

not  vary  from  a  Maxwellian  distribution  by  more  than  a  factor 

of  two  over  the  0  -  50  eV  energy  range.  Thus,  a  Maxwellian 

distribution  of  electron  energies  will  be  assumed  ,  with  an 

average  energy  of  2.2  eV  or  temperature  of  25,500°K. 

A  number  of  authors  have  investigated  the  kinetics  of 

SF  +  e"[14,  43-45].  Simply  from  the  structure  of  SF-  , 

6  b 

it  would  be  expected  that  only  atomic  fluorine  would  be  produced. 
To  produce  F2  ,  t\io  ,  adjacent  S-F  bonds  would  need  to  be  brokef 
and  the  F-F  bond  created.  The  production  of  F 2  i s  much  more 
likely  from  the  process 

F  +  F  +  M  —  F2+M  (35) 

and  will  be  discussed  later. 

The  production  of  atomic  fluorine  Is  based  on  the 
mechanism 

SFe+  e--^SF6-*-r~SFf 

1 - +  F  (36) 

5  [43] 

The  low  energy,  "thermal  i  zed"  electrons  attach  to  the 

6 

molecule  to  produce  an  excited  state  SF^*  ,  which  decays  very 
rapidly  to  either  SF  -  or  SF  "  +  F.  Since  the  second  reaction 

U  3 


rates  are  so  rapid,  the  final  products  may  be  considered  the 
products  of  SF..  +  e-  . 

D 

Bashkin  reports  major  flourine  production  from  the 
reactions 


SF6  +  ~ 

-^SF3++  F  +  2e.~ 

(37) 

SF6  +  e~  - 

—*■ SF. ^  +  f+  e~ 

(38) 

as  well.  These  reactions  have  been  investigated  by  Ahearn 
[46]  and  Assundi  [47].  The  reaction 

SFe  +  e: - <~SF5  +  F~  (39) 

is  described  by  Curran  [48]  and  included  in  a  model  of 
SFg  +  I! g  in  an  electric  discharge  developed  by  Lyman  [4?]. 

In  this  article  by  Lyman,  pulse  shapes  for  an  SFg  +  H2 
electric  discharge  laser  with  a  nsec  duration  have  been 
theoretically  computed. 

After  these  processes  are  initiated,  further  fluorine 
production  from  a  reaction  proposed  by  HcGeehan  [45]  is  possible 

SF5  +SF6 - *".$'4+  F~+S/"6  (40) 

This  reaction  depends  greatly  on  the  ratio  of  electric 
field  to  number  density  (a  measure  of  average  electron  energy) 
and  is  only  important  if  .£/77^>  3  *  I0~15  VOLT -CM2  . 

The  Raytheon  laser  has  a  12  kV  voltage  applied  across  a  1  cm 
gap  with  80  torr  total  pressure,  and  thus 

F/j)  =  2xl0~15  VOLT -CM2  (41) 

The  production  of  F2  from  reaction  (40)  will  be  neglected. 


Reactions  such  as 


S  Fq  +  M  *  S  +  F  +  M 


.  (42) 


and 

5  F  +  M  - SF  +  f  +  m  ,  x 

^  ^  (43) 

have  such  high  activation  energies  (  76  kCal/mole  and 
66kCal /mole)  that  they  may  be  neglected.  Spg  may  also  be 
coliisionally  dissociated  to  produce  ground  state  Mr  by 


SFq+H - «:SF5+HF  (44) 

Tin's  reaction  will  be  discussed  later  in  conjunction 
with  the  pumping  reactions. 

Hydrogen  gas  is  also  dissociated  in  the  electric 
discharge.  Collisonal  dissociation  is  again  small,  due 
to  the  high  activation  energy.  Hydrogen  dissociation  is 
given  by  the  reaction 

W2+e- - ».  h+H  +e~  (45) 

Hydrogen  may  also  be  ionized  by  the  el  cctrons: 


/■/p  Jr  e.  • — 

—~h2  +  2  eT 

(46) 

H  +  eT  — 

(47) 

Charge  transfer  such  as 

A  +B  — 

-~A+B  A, B-.ANY  SPECIE 

(48) 

can  alter  the  concentrations  H^*,  H  +  ,  F,  F“,  and  other 
species.  The  effect  of  these  charge  transfer  equations 
will  be  addressed  after  presenting  the  pumping,  recombination, 
and  depopulating  processes. 
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The  pumping  reactions  have  been  presented  in  reactions 
(21)  and  (22).  Several  additional  sources  of  HF  should  be 
considered.  The  decomposition  of  SFg  by  H  to  produce  HF 
by  reaction  (44)  was  studied  by  Fcnimore  [49]  and  lasing  with 
the  reaction 

XFf^H  - — -  HF+  XFc  *  ^MoxU 

°  5  (49) 

important  to  the  production  of  HF  was  studied  by  Dolgave  [75]. 

The  rate  constant  for  reaction  (44)  is  about  10^0  smaller 

than  the  rates  for  reactions  (21)  and  (22)  and  the  reaction 

may  be  completely  neglected.  (See  Appendix  A  for  rate  constants) 

The  direct  production  of  HF  by 


H  +  /r+M' 


■  H  F+M 


is  a  moderately  slow  reaction,  with  a  rate  constant  on  the 
same  order  as  for  reaction  (35)  and  may  be  important  to  the 
production  of  ground  state  HF.  Reaction  (50)  will  be  analyzed 
in  conjunction  with  the  recombination  of  fluorine,  reaction  (35) 
The  importance  of  the  hot  reaction  (22)  depends  on  the 
quantity  of  diatomic  fluo pine  available  for  reaction.  Many 
SF6  +  ,  electric  discharge  experiments  indicate  reaction 

(22)  is  not  important  [5 ,8  ,9 ,1 4 ,1 G  ,20]  .  In  such  cases,  no 
vibrational  transitions  from  levels  higher  than  17=3  are 
observed  and  power  is  relatively  low.  Bashkin  observed  an 
increase  in  power  by  a  factor  of  20  when  F^  was  added  to  the 
SFg  +  Hg  mixture  under  conditions  very  similar  to  this 
investigation  [14].  It  might  be  expected  that  the  production 
of  F2  in  this  Raytheon  laser  is  also  small. 
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To  establish  the  rate  of  production  of  »  reaction  (35) 
must  be  examined,  for  it  Is  the  sole  source  of  F2. 

The  rate  of  formation  of  products  car.  be  charcterized 
by  the  time  interval  required  to  reduce  the  concentration 
of  reactants  to  a  fixed  percentage  of  the  initial 
concentration,  say  .5  or  .37.  By  comparing  the  magnitudes 
of  these  characteristic  times  to  the  gas  flow  rate,  discharge 
pulse  width,  and  other  reactions,  the  importance  of  each 
reaction  can  be  established.  To  make  these  comparisons,  the 
gas  flow  rate  and  discharge  duration  must  be  examined. 

The  most  important  features  of  the  If  laser  in  determining 
the  flow  rate  are  the  discharge  dimensions  and  the  volume 
capacity  of  the  gas  recirculating  fans.  The  gas  flow  veloccty 
Is  about  250  ft/sec  and  the  discharge  structure's  width  is 
,1GG  inch  (See  experimental  section).  The  time  interval 
during  which  the  products  remain  In  the  cavity  is 

T-  L/U=55LLS  U  -250 FTf  S  L  =  J66/N.  (51) 

The  effects  of  thermally  caused  pressure  waves  as  described 
in  the  experimental  section  increase  this  time  by  a  factor 
of  2-5,  or  to  about  200  psec.  Reactions  with  characteristic 
times  greater  than  200  psec  may  be  neglected. 

Another  important  factor  of  the  laser  design  is  the  time 
width  of  the  electric  discharge,  because  it  will  determine 
the  time  interval  during  which  atomic  fluorine  is  produced. 


Tin's  pulse  width  Is  about  TOO  nsec.  The  cold  reaction  is  fast 
and  has  acharccterl stic  time  of  about  100  nsec  (See  Appendix  A). 
Thus*  atonic  fluorine  is  produced  and  consumed  on  a  time 
scale  of  100  nsec.  After  this  time,  little  excited  HF  is 
produced.  Since  the  Hr  output  power  pulse  is  the  quantity 
of  interest,  only  those  reactions  with  characteristic 
times  on  the  order  of  100  nsec  need  be  considered. 

With  this  information,  all  the  reactions  of  the  SFg  and 
H^  system  can  be  analyzed.  An  example  calculation  of  characteristic 
times  for  the  cold  reaction  and  recombination  of  fluorine 
will  be  presented  here.  The  characteristic  times  for  the  remainder 
of  the  reactions  is  presented  in  Appendix  A. 

The  reaction 


F  +  F  +  M — ~  F2  +M 

implies  the  rate  equation 


(35) 


(52) 


where^Jsnd  [m  are  the  concentrations  of  fluorine  and  the 
arbitrary  collision  partner  M  . 

The  characteristic  time  for  the  reaction  will  be  taken 
as  the  time  required  for  63%  of  the  reactants  to  be  consumed. 
This  percentage  is  used  to  facilitate  the  comparisons  of 
characteristic  times  to  the  blmolecular  reactions  whose 
concentrations  decay  exponentially  in  time.  An  expression 
for  this  time  is  established  by  considering  the  concentration 
of  M  constant: 


2  =  -q 


(53) 
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(54) 


•t-T, 


r/  for  |/rj  ~  .3  ?[Fq]  •  [i'(\  ’s  the  concentration  of  F  at  t.=0. 


Thus , 


(55) 


Likewise,  the  c  Is  a  rac  ter  i  s  t  i  c  time  for  the  cold  reaction 


F  +  H 


2 


HF  +  H 


is  obtained  by  considering  the  rate  equation 

#  = 


d\n 


lF) 

M  =fe] 


=  -lilt 


d  t 


-M 


d  d ' 


and 


T 


^2} 


(21) 

(56) 

(57) 

(58) 

(59) 


To  evaluate  those  characteristic  times,  the  rate 
constants  presented  in  the  appendix  are  needed.  For  the 

13  3 

cold  reaction  Kr  10  CM° l MOLE-SEC  and  for  the 

fluorine  recombination  Kj  -  /O^ C ImO LE-SEC  •  Tfie 

initial  concentration  of  H,,  is  (P  -  18  TORR ) 

>y 


(60) 


Then  Tg  =JOOt'JS,  as  quoted  before.  The  exact  concentration 
of  Fq  depends  on  the  ela-.tron  attachment  reactions.  An 
upper  limit  for  Fq  would  certainly  be  the  initial  concentration 
of  SFg,  since  only  one  flourine  atom  is  produced  from  each 
SFg  molecule.  Then,  the  characteristic  time  for  flourine 
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recombination  is  17  ysec  or  greater  for  a  4:1  SF^  :  \\^ 
mixture.  Since  T'y))7V>  >  most  of  the  atomic  fluorine  will 

be  consumed  by  the  cold  reaction  and  the  recombination  of 
fluorine  nicy  be  neglected.  Note  that  fluorine  atoms  would 
recombine  during  the  time  they  remain  in  the  cavity  (  200psec) 
if  they  did  not  react  in  reaction  (21). 

Similar  arguments  for  the?  recombination  process  (50) 
indicates  it  toomay.be  neglected.  The  characteristic  time 
is  20  ysec. 

A  number  of  process  can  reduce  the  concentration  of 
excited  HF  by  depopulation  or  recombination.  These  reactions 
include: 


W  +  //FW - 

(61) 

HF(V)  +  H — '-A Vj?+  F 

(62) 

HF(V)  >■  M  — H  t-  F  M 

(63) 

HF(V)  +  M  — °~HF(V  -1)  +  M 

(64) 

HFCVJ  +  HF(V>  — -*•  HF(V  -I) +HF(V+t) 

(65) 

HF(V) 4  H2 (V)  **  HF(V  +  I)  +  H2(V- 1 ) 

(66) 

The  laser  is  designed  to 

convect  the  reaction  products  away  from  the  optical  cavity 
before  processes  (61-66)  effect  the  laser  output  power. 

The  same  characteristic  time  analysis  for  these  reactions 
is  completed  in  Appendix  A.  The  only  significant  reactions 
leading  to  excited  HF  depopulation  are: 


HF(V)  +r  *- 

— *~HF(V  -  1)  +  F 

(67) 

HF(V)  +  H  - 

— °-HF(\)}+  H 

(66) 
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The  reaction  rates  for  the  charqe  transfer  equations 
are  very  fast.  The  ion  concentration  is  very  low,  however. 
This  ion  concentration  is  specified  by  the  discharge  current 
of  350  A m p r. : 

1  ^s/dt  =x  At  =(350)(l00  X 10  ~9)  COUL.  (69_70) 

The  number  cf  charges  in  the  Scm^  volume  is  then 


?V  -S/e.  =  4.4  x/0-// 


moles 

CMJ 


(71) 


The  total  production  of  positive  ions  is  of  fche  same 
order  as  the  electron  concentration.  If  the  concentration 
of  any  ion  is  taken  as  10"^  moles/crP,  the  characteristic 
time  is 


-  L  — 

T~  ~/C '  T)e- 


I  )n-S 


(72) 


This  time  interval  is  four  orders  of  magnitude  greater  than 
the  discharge  pulse  vridth  cf  100  nsec.  Thus,  charge  transfer 
depending  on  an  ion  concentration  may  be  neglected.  The 
reaction 


F  f  M - F  +  M 


(73) 


may  be  significant,  however.  Here 

J _ 

T=K[/y/j  ~  20  >lS  (74) 

which  is  a  very  short  characteristic  time.  This  Is  the  only 
charge  transfer  equation  that  will  be  considered. 

The  system  of  kinetic  equations,  or  mechanism,  for  the 
production  of  vibrationally  excited  HF  that  results  from 
this  complete  presentation  is: 
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— y 


Initiation  SF^Ac 


SF, 


■sFb'  r 


K 


■SFg  +  F +2<t~ 


'2 


”**■  S  +  F  +  6 


*3 

/v  .<? 


-srb  +  r 


KS 


(36) 

(37) 
(33) 
(39) 


H. 


H  +  H  +  & 

.+ 


^2+  <2  —*• 

h2  +  <?e. 

H  +  e~  —  H+  +  2e' 

Charge  Transfer  F~  +  M — t F  +  M~ 

M  -ALL  NUF.TR  AL  SPEC  It'S 

Cold  Reaction  F  +  HF(V )  H  K 

Deactivation  HF(V}  +  F  -<”HF(\H)  +  F 

HF(V)  +  H  F(v')  +  AV 


AC6  (45) 
(46) 


*7 

F$(M) 


(47) 
(7  3) 


(21) 


i  (67) 


The  system  of  rate  equations  modeling  the  discharge  is 

(75) 


^ 


it  =  -Afe^t-v]  +7 


dM 


T> 


tit 

dlrf 


'  (*2  +  *3  +/C* )  7?e  [s/^J  ^FfV\  ~2KiCj 


tit  ~  -^9^[a, 

4  J'  ='+/cy^‘,[^j[/^ 


+% /;][f]  -Jki2(v7j')[HF(v)\[H] 

v\v 

u\v 
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with  the  initial  values 


The  current  pulse  is  given  in  Appendix  B  and  is  taken  from 
the  observations  of  the  Raytheon  study  [3:36]. 

The  limits  of  integration  on  the  current  forcing  term 
are  taken  as  -20NS  -  The  average  electron  energy  at 

collision  is,  from  equation  (33),  2.2  eV,  and  the  velocity 
corresponding  to  this  energy  is  8.8  x  105  m/s.  The  electron's 
energy  increases  linearly  after  each  collision;  the  average  energy 
1  eV  and  the  averages  velocity  Is  6.2  x  10  m/s.  The  electrons 
take  16  nsec  to  traverse  the  cathode/anode  gap.  The  system 
of  rate  equations  is  solved  numerically  in  Appendix  B  with 
a  step-by-step  integration  method.  A  20  nsec  time  interval 
is  used  for  this  Integration  as  well. 

The  rate  constants  Kj  ~Kjq  are  listed  in  Appendix  A. 

Optical  processes  have  not  yet  been  considered. 

Spontaneous  emission  may  be  neglected,  due  to  the  long 
radiative  lifetime  of  HF  (.4Sec)  (See  p!2).  Stimulated 
emission  is  certainly  of  prime  importance  and  does  affect 
the  population  of  excited  HF  levels.  The  stimulated  processes 
are 


V  +  HF(V)  — **  HF(V)  +  (0  +¥>  K/d 
</?  +  HF(i)~P - -  HF(V)  K-/3 


(83) 

(84) 
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where  (/Ms  the  symbol  for  photons  of  energy  H  V  =  hC / 2.8 jJLM 
The  number  density  of  photons  is  given  by  the  implied  rate 
ecjua  1 1  on 

at'0  --«bVl nr'»>]-K-rfkAHF(l)-»]  (85) 

The  reactions  (83)  and  (84)  would  affect  the  rate 
equation  (80),  adding  a  terri  of 


%  J>  K  _/3  T\p [hRV- I)]  ( 86 ) 

The  rate  constants  for  reactions  (83)  and  (84) 
are  calculated  in  Appendix  A  and  are  related  to  the 
Einstein  coefficerit  of  page  12  by 


="-'3  =Ch  = 

The  characteristic  time  for  the  term  (86)  is  then 


T  = 


J 
ApK 


13 


(68) 


where 


Tl 


Y? 


.ENER GY  PUL SF.jh y  Ep  jhy  _65x/0H  J. 


BEAM  VOLUME 


CM ^  (89) 


and  then,  J~  12  NSEC. 

Rather  than  include  the  reactions  (83)  and  (84)  in  the 
system  of  equations  on  page  26,  the  model  will  be  simplified 
by  assuming  thatstimulated  emission  is  very  fast  compared  to 
the  pulse  width  I  2  NSEC  {{  I CC  NSEC  •  With  tin’s  assumption, 
all  the  excited  HF  molecules  in  the  upper  laser  level.  A/?  , 

created  during  the  Integration  interval  of  20  nsec  will  be 
stimulated  to  emit  a  photon. 

Once  a  photon  is  created,  it  leaves  the  optical  cavity 
very  quickly,  due  to  low  mirror  reflectivity.  The  photon 
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lifetime  is  given  by 

/ 


Z.  — 


C'^o 


/  n  JL 

,?L  /n 


(90) 

[50:79] 


where  C¥0  is  the  distributive  loss  coefficient,  L  is  the 


cavity  length,  and  R  is  the  output  mirror  reflectivity. 
Assumi ng  <9  and  evaluating  equation  (90)  for  the  Raytheon 


laser  (  L  ~  .56  M  ;  R-30%  )>TC-3JNSEC- 

Therefore,  most  of  the  photons  created  in  the  20  nsec 
Integration  interval  will  leave  the  cavity.  The  output  power 
is  then 


P  =  [HF( 2j]  V  ~  20  NSEC  ^  g 1  j 

where  \HF(2)  j  V  is  the  total  number  of  U  =  2  HF  molecules 
created  in  the  20  nsec  interval. 

The  solution  to  the  system  of  differential  equations 
on  page  26  with  these  assumptions  on  the  optical  processes 
is  detailed  i ri  Appendix  B.  Several  of  the  equations  can  be 
decoupled  from  the  rest  of  the  system  and  solved  directly. 

The  remaining  equations  form  two  sets;  one  involving  H^,  H,  F, 
and  F",  and  the  second  involving  the  vibrational  levels  of 
HF  and  the  output  power.  These  two  sets  are  solved  numerically 
by  a  step-by-step  Integration  method.  The  resultant  power 
pulse  shape  is  plotted  in  figure  3. 

The  HF  pump  laser  has  been  discussed  in  these  first 
two  sections.  The  final  section  of  this  chapter  will 
analyze  the  optical  pumping  and  CO^  laser. 
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Optical  Pumping  and  the  CO^  Laser 

Various  pumping  techniques  may  he  used  to  establish  a 
population  inversion  within  a  lasing  inedim.  Optical 
pumping,  using  a  high  energy  IR  laser  to  pump  a  second 
laser  medium,  can  be  advantageous.  Host  of  the  energy  can 
be  efficiently  coupled  into  the  lasing  medium.  No  pumping 
of  the  lower  laser  level  occurs,  due  to  the  narrow  energy 
band  of  the  pump.  Optical  pumping  in  this  case  is  used  to 
convert  a  laser  beam  to  a  longer  wavelength. 

Several  types  of  optical  pumping  are  possible  [51  ,2]. 
Figure  4  illustrates  five  different  optical  pumping  schemes. 


vf’0  Lf'O  Ij  •  I'l  *  °t'i 

d 


Figure  4. 

Optical  Pumping  Schemes  [51] 

Diagrams  a,c,  and  e  illustrate  pumping  and  lasing  occuring 
on  the  same  fundamental  band.  One  example  is  to  pump  on  an 
R  transition  and  lase  on  a  P  transition.  Diagram  b  shows 
pumping  to  a  fundamental  level  and  lasing  within  a  difference 
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band  to  a  lower  level.  Finally,  diagram  d  illustrates  pumping 
to  a  combined  vibrational  level  of  tlie  molecule  (  such  as  101 
in  C02  )  and  lasing  on  a  hot  band. 

A  number  of  lasers  based  on  these  processes  have  been 
demonstrated  [2,52],  Investigations  of  HF  pumped  media  [2,52] 
and  optical  pump i n g  of  CO^  [53-56,25]  have  been  performed. 
Raytheon  searched  for  a  laser  source  at  4.3  -  5  pm  compatible 
with  the  HF/DF  laser  design  and  found  no  "priciple"  laser 
source  [3:56].  Isotopic  species  of  C02  [2,23]  and  M20  [2,52] 
appeared  to  satisfy  the  requi rements  for  optical  pumping  by 
the  HF  laser  and  were  investigated  [3:56-57].  No  lasing  was 
achieved  with  N2O,  but  three  isotopes  of  C02,  Including  120180^ 
did  establish  lasing.  One  other  HF  pumped  C02  laser  has  been 
reported  [23]. 

The  isotope  ^2C1802  was  used  in  this  experiment  and 
the  HF  P2(6)  transition  was  used  to  pump  the  C02  101 
vibrational  level.  An  inversion  is  created  between  the  101 
and  100  levels  and  is  of  the  type  of  optical  pumping  shown 
in  figure  4d.  The  001  C02  level  !s  nearly  resonant  with  the 
lasing  transition  and  some  self  absorption  will  occur.  The 
lower  laser  level  decays  mainly  to  the  010  vibrational  level. 


!UI  y 

HF 

PUMP. 

( 2.&f±rnt ) 

X  ^ AS  INC  (4. 3  urn) 

10  0  AB50RP 
DECAY  J  OlO 

OOI 

JUU 

Figure  5 

C02  Energy  Level  Diagram 
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A  first  order  calculation  of  transition  frequencies  can 
be  made  from  ti.e  f undameuts  1  vibrational  modes: 

V  ~(Vf  fa)}*!  +(V2+  ljz)  A  +fUj  +  (92) 

V/  - 1 330.0  CM'1  SYMMETRIC 
ljj~  66  7.3  CM~l  ANGLE  BEND 
Pi -2349.3  CM  ANT  l-SYMM 


L  =>  /  J 


From  equation  (92)  the  transitions  are: 

OOO-IOI _ 

A  V  -  Vjoi  ~  hoO  =  ^/  +  ^3679.3  CM"1  (93) 
101 -1 00  „/ 


AP  ”Vior*ioo  =?3^349-3CM 
001-000 

tP  ~  i 7ooi  ~vooo  ~  2 349 -3  CM 


(94) 

(95) 


Duo  to  the  requirement  for  nearly  resonant  pumping,  a 
much  more  exact  spectroscopic  study  is  required.  Rotational 
levels  must  be  considered  and  more  precise,  experimental 
measurements  of  the  energy  levels  are  needed. 

A  first  calculation  of  rotational  levels,  shows  a  large 
seperation  between  adjacent  J  levels: 

Ej  -  (3d  (J  ^I)hC  A J-  -  I 
A £  =  £/+/  -  Ej^ 2/3  (J-\l)hC 

The  seperation  between  lines  is 

Ice-  a e  =  2/3  p  **.387  cm 

and,  then 

A E  ~  A  E  -  .774  CM~l  A  v  -C (.774 1  =23.2  G HZ 

(99) 


(96) 

(97) 


[76] 


(98) 
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The  exact  rotctioro 1  -  vibration  transitions  are  given 
in  figure  6 


Figure  6. 

IZglSo,,  Energy  Level  Diagrarn[22] 

It  is  important  to  note  the  degeneracy  of  the  angle  bend  mode, 
denoted  by  the  angular  momentum  quantum  number  superscript, 
and  the  nuclear  spin,  denoted  by  the  subscfpt,  to  obtain 
the  very  exact  transition  frequencies  required. 

Many  studies  of  the  10.6  pm  band  of  C02  are  available 
as  a  result  of  high  energy  C02  laser  research  [58,59],  but 
less  data  is  available  for  the  2.8  -  4.3  pm  region,  particularly 
for  certain  isotopes  of  CO,,.  The  2.8  pm  band  for  ^2c,16o^  , 
13C1g02,  and  IZc^O^O  arc  known  to  an  accuv  zy  of  .005  cin-1 
[CO]  and  for  to  .03  cm-l  [61].  Such  accuracy  is 

inadequate  to  compare. the  seperation  of  the  P2(6)  HF  line 
and  the  f00°0)  -  (10°1)^.  C02  transition.  Buchwald  gives 

a  seperation  between  the  IIF  P^(G)  line  and  the  C0^  absorption 
transition  of  /\  l'  007  Chf*,  based  on  direct  laser  pumping 
observations  [23].  This  yields  /\V~fS. v(C^—  2.10  M HZ  . 
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Note  that  this  separation  is  much  less  than  the  23  GHz  between 
rotational  levels  op  CO^  and  thus  only  one  rotational  level 
need  be  considered. 

Finally,  a  study  of  line  broadening  is  required.  Collisional 
broadening  is  given  by  equation  (9) 


LVC  =  (.225  MHZ)  P  V(^  Jfa  +  %)  V4  + 1 


% 


(q) 


For  pure  at  7  torr  total  pressure  and  300°K  and 

using  the  C-0  bond  length  of  1.2  angstroms  to  give  a  2.4 
angstrom  diameter  for  CO^  .then 


A  Vq  ~  5.82  MHZ 


(100) 

[ 38 : F202] 


Doppler  broadening  is  given  by  equation  (11) 


A  2f  -  4 

O  Ao 


2KTIP2 
M 


(11) 


and  at  3G0°K  for  1 2 c  1 C at  2.8  pm,  and  4.3  pm, 


A  Vq-I92MHZ  A^n  =  125  MHZ 
2.^-m  43um  (101) 

The  total  1 inewidth,  L\Vj  »  based  on  the  Voigt  Profile 
as  given  by  equation  (12),  is  for  Qfa  ~ 


A  vc 

A  vj  -  196  MHZ  A^r-  MHZ 
2.8, um  4.5 fim 


(102) 


The  CO,,  transition  for  absorption  and  the  HF  P2(6) 
transition  are  shown  in  figure  7. 

As  the  HF  frequency  is  increased,  more  of  the  HF  pulse 
is  absorbed ,  a  greater  C02  population  inversion  is  created 
and  a  greater  output  power  should  be  obtained.  In  this 
rough  way,  C02  power  should  depend  on  HF  frequency.  Two 
calculations  of  this  dependence  follow.  The  first  is  based 
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Frequency ,  V 


Flqure  7. 

HF  and  C09  Line  Rroadeninq 


on  figure  7.  The  second  Is  based  on  a  derivation  of  the  CO^ 
gain  curve  and  its  depend;  nee  on  Hi'  frequency. 


First  file  ill  a  t  j  e  i 


The  CO 2  absorption  curve  is  Hop pier  broadened  and  the 


Uneshape  function  is 

Gn>)=UL!^EXp(-'ilV2 


where 


and  let 


7T  v  vr 

A Vr=2  00  MHZ 


(A  vff 


Vo  --=  cl x  ;  \~2.8urn 
6  =  y-yQ\  6  IN  IOO MHZ 


(103) 

[24:167] 


(104) 

(105) 


Then 


6151  *  I  O' 10  SEC, )  FXP  -  (4f =  rt  EXP-{jZ)  [w) 

The  absorption  coefficient  is  related  to  tin's  lineshape 


function  by 

n2j%2(yrlr^> 


(107) 


where  ,  Tlf  and  Tl^  are  the  number  densities  of  molecules 

in  the  lovjer  and  upper  CO2  laser  levels,  8/2  1S  the  stimulated 
Einstein  coefficient,  and  a  is  the  absorption,  coefficient 
as  in  Beer's  Law 


•cv 


/  7 


(108) 


I  ~T0  e 

Since  the  number  of  photons  incident  is  proportional 
to  the  incident  intensity,  T.  ,  then 


%  -  %  e 


-OcZ 


where  A/. 


V? 


(109) 

is  the  number  of  photons  remaining  in  the  HF  pump 
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beam  as  a  function  of  the  proposition  distance,  Z  ,  and 
is  the  nunbor  of  incident  photons. 


The  lumber  of  photons 
the  number  of  CO^  molecules 


abler  Led , 

■ o  r 

pUhipCd  tO  t!)C  101 

-  e  *Z) 


is  identical  to 
enemy  level: 

(110) 


The  incident  photon  number  Is 

number  of  photons  in  time:  . 

*1  PULSE  ENERGY 
Po  ~~  hi  j) 


estimated  nssuminq  a  uniform 


IGSilJ  _  ,,  p  ,JE 
7.'l*ICT2GJ  "  ^  /C 


(111) 


If  a  small  total  absorption  is  assumed,  then  there 
will  exist  a  uniform  population  inversion  within  the  lenoth 
of  the  CO  ^  gas  cell  ( L::'  5’dCIZ)  a nd  the  population  inversion 
~iPz  ***  ^1  .A  characteristic  time  can  then 

be  defined  as 


(112) 

(113) 

(114) 


where 


(47VX)  =-'6.56  >NCT  21  JOULES 

r~)  ~ O.CbxlO  '  jPT0^R  KiZ~ 


015) 


(116) 

2 


and  from  f 62]  ;  Aj>j anJ  from  uq  ( 20) , 
The  characteristic  time  is  then 

T*  =  ZO*IO~ll'SEC  AT  7  T  0  PR 


017) 


From  equation  (107)  and  (110),  the  101  level  population  is 
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Nr-  N  ; 

d  Vo 


I -HXP^.rxp  (fj 


Assuming  no  lo^sts,  the  pulse  energy  is 

,.6. 


or 


or 


E  “h4^|'  -  EXp{ji,EX 'P~{f2 


£~IOS/iJ  [/  -  BXP(-i;s9Plmk,exP-^ 

The  absorption,  from  equation  (109)  is 

^“NMexi-*9Prjtfxp-$f) 

il,r^  =  .C°23Cf,fl  PTCRH 


(118) 


(119) 


(120) 


(121) 


(122) 

Hi-  power  was  assumed  not  to  vary  with  HF  frequency 
in  this  derivation.  The  liF  transition  lias  a  larqe  collisional, 
or  homogeneous,  broadening.  For  a  c w,  homogeneously 


broadened  laser,  the  gain  is  "pegged"  at  the  threshold  level. 

Under  such  conditions,  Y-  f YH  »  a!lc)  the  P°v'Cr  held 
relatively  constant  with  changes  in  frequency.  The  time 
Interval  before  the*  c-ain  returns  to  threshold  level  is 
basically  the  time  required  to  reach  a  steady  state  solution 
of  the  laser  rate  equations.  This  is  a  relatively  fast 
process  and  is  basically  determined  by  the  photon  lifetime. 

From  equation  (90)  the  photon  lifetime  is  3.1  nsec.  Since 
the  pulse  time  of  100  nsec  is  much  longer  than  this  lifetime, 
it  may  be  assumed  that  HF  power  does  not  vary  significantly 
with  HF  frequency. 

A  plot  of  CO absorption  versus  CO2  pressure  (eq  1?2)  is  given 
in  figure  8  and  CO^  power  versus  111*  frequency  in  figure  9. 
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C0o  Energy/pulse 


P=  7  TORR 


Frequency  Offset,  (100  MHz) 
Figure  9. 

C02  Power  versus  HF  Frequency 
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Several  general  remarks  concerning  those  theoretical 
results  can  bo  made.  First,  CO,,  power  is  very  sensitive  to 
the  offset  frequency ,  t)  «  IIF  frequency  -  COj  line-center,  and  is 
maximum  for  zero  offset.  Pumping  directly  on  the  CO2  linecenter 
is  most  efficient  and  efficiency  drops  off  rapidly  with  offset 
frequency,  as  expected. 

Secondly,  power  increases  with  increasing  CO2  pressure. 

This  is  reasonable,  for  the  number  of  absorbers  is  iricreasinn 
and  thus  output  power  increases.  Note  that  the  increase  in 
power  is  not  a  result  of  increased  1 i nebroadeni ng ,  becauso 
the  transition  is  Doppler  broadened.  This  second  effect 
would  be  important  above  70  torr,  or  so.  In  such  cases  the 
model  would  require  revision  to  include  collisional 
broadcni ng . 

The  theory  does  not  predict  a  maximum  operating  pressure, 
but  rather,  power  increases  continuously  with  pressure.  This 
is  clearly  not  physical.  The  model  assumed  small  total 

absorption,  but  as  pressure  increases  so  does  total  absorption. 
The  small  absorption  assumption  fails  at  high  pressures. 

Even  at  1  torr,  80%  of  the  HF  beam  Is  absorbed. 

Finally  power  increases  with  increasing  7"  ,  or 

increased  Doppler  broadening,  as  expected.  T  is  basically 
a  constant  of  the  transition  in  question.  The  actual  output 
power  is  rather  sensitive  to  inaccuracy  in  this  number,  however. 

This  calculation  of  C02  power  as  a  function  of  HF 
frequency  has  neglected  the  effects  of  coherent  pumping. 

Two  photon  processes  can  affect  the  gain  spectrum  [63,64] 
and  saturation  [65-67]  of  laser  excited  lasers.  In  the 


Raytheon  study,  the  CO.,  gain  curve  was  derived  including  these 
effects  and  evaluated  for  different  KF  frequencies  [3:63-66]. 

Second  Calc u  1  a  t i n n 

This  derivation  is  based  on  the  work  of  Feld  and  Javan, 
who  studied  the  line  shape  of  a  Doppler  broadened  transition 
in  the  presence  of  a  laser  fiel  d  resonating  with  a  second 
doppler  broadened  transition  sharing  a  common  energy  level 
[64].  The  derivation  is  valid  for  two  Doppler  broadened 
transitions  if  one  of  the  fields  fully  saturates  its  transition 
and  the  second  field  is  weak.  The  intense  field  must  be 
detuned  from  linecenter  and  the  difference  between  transition 
frequencies  greater  than  the  natural  llnewidth  of  the  medium. 

The  three  level  system  is  as  shown  in  figure  4d,  and 
in  terms  of  the  CO,,  energy  levels  is  as  shown  in  figure  10. 


Figure  10. 

Three  Level  CO^  Model 

The  three  level  system  consists  of  the  strong  HF  pump  field 
resonant  with  the  000  -  101  CO^  transition  and  the  lasing 
transition  (weak  field)  Is  the  101  -  100  transition,  with 
the  shared  level  being  the  101  level. 

A  single,  inhomogeneously  broadened  gain  curve  will 
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demonstrate  hole  burning  in  the  presence  of  a  laser  field. 

That  is,  molecules  with  a  velocity  such  that  their  doppler 
shifted  observed  frequency  matches  the  laser  frequency, 
will  be  selectively  depopulated  from  the  upper  laser  level. 

A  second  transition  sharing  one  of  these  selectively  depopulated 
energy  levels  has  its  own  doppler  curve  altered.  The  gain 
of  the  first  transition  is 


7,  =o,A  r<Ti(H)-Nj) 

atu!  of  the  second  transition  is 

y^<J2A2=a2(N0-N,) 


(123) 


(124) 


where  "X  is  t[,o  gain  coefficient,  (J  the  absorption  crosscction 

•fch 

and  the  total  population  of  the  i  energy  level.  Thus, 
holeburiny  in  one  gain  curve  affects  Nq  which  in  turn 
affects  the  second  transition's  gain. 

The  gain  curve  for  a  single,  hole-burned  doppler 
transition  is  symmetric,  but  this  need  not  be  the  case  for 
the  coupled  transition.  This  assymetry  will  produce  a  directional 
dependence  or<  gain.  A  bc-am  of  radiation  from  the  second 
transition  will  be  mere  intense  when  it  propogates  with  the 
pump  beam  than  when  propogating  in  the  opposite  direction. 

This  issue  in  1 1  be  discussed  again  in  conjunction  with  the 
amplified  spontaneous  emission  nature  of  the  CO^  cavity. 

There  are  actually  two  distinct  processes  that  affect 
the  shape  of  the  gain  curve  of  the  weak  field.  First,  there 
is  the  single  quantum  of  feet  already  discussed  in  which  one 
field  affects  the  rate  of  stimulated  emission  in  the  second 
field.  The  second  process  involves  the  exchange  of  a  photon 


with  each  of  the  fields  and  is  a  two  photon  process.  Both 
of  these  processes  can  be  analyzed  by  establishing  the 
transition  rates  i:ith  a  scni  -classical  v  perturbational 

approach . 

This  derivation  involves  ten  major  steps: 


(1)  Express  the  electric  fields  classically  with  the 
appropriate  frequencies,  Vp  for  HF  and  V,  for  the 
4.3  j!ia  CO2  transition. 

(2)  Transform  to  a  coordinate  frame  at  rest  with  respect 
to  the  particles  of  velocity  U  .  Frequencies  must 
be  transformed  according  to  the  doppler  effect, 

V=Vod+U/C) 

(3)  Express  the  Hamiltonian  as  the  sum  of  the  strong 
field  and  v;eait  perturbing  field  potentials, 

H  -  Ho  ~f-L.Hr.  -v  V 
c  c 

whore  Is  the  perturbing  potential  of  the 

weak  field  fjt  ‘  ,  /fp  is  the  strong  field,  and  jj. 
is  the  d i  p 0 1  e  m oi.fent . 

(4)  Expand  the  wave  function,  jn  terms  of  the 

stationary  states,  ^t)  l/'^J 

(5)  Apply  the  time- dependent  Schrodinger  Wave  Eouation  to 

try. 


(6)  Integrate  over  all  space  end  transform  to  the  Heisenberg 
interaction  picture  (Crj~(/^J 

(7)  Establish  the  equations  of  motion  in  terns  of  the 

tine  derivatives  of  the  wavefunction  expansion  coeff^cier 
(dfj)  and  add  term  appropriate  for  spontaneous  decay, '/^  . 

H  L  bi  ;  4  j  =  «•/ ;  expUL  - '  \] 


ients 


a‘j="^(4l  irr  \j)exm^W£ 


'4/V<Tl 


(8)  Solve  the  system  cf  equations  with  a  pe rturba ti onal 
method 

(9)  Calculate  the  transition  rates,  given  by  |c/J 

Total  power  is  P  =  T>pJoi  +7?0  J0i "  where  ’li.  is 

the  population  of  lev'di  i.  and  Ji. j  is  the  transition  rate. 
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n-rx 


(10)  Take  an  ensemble  averaqe  of  velocities,  directly  related 
to  the  frequency  by  the  doppler  effect, 


(125) 

Where, 

M~4<9AMU- MOLECULAR  WEIGHT  OF  C02 
K~  BOLT  MAN  CONSTANT ;  h  = PLANCK  CONSTANT 
T -ABSOLUTE  TEMP.  \  C=5^I08^S 

Tl2=C02  ground  state  number  density 


Vo}^C02I0I~I00  Ll  NEC  ENTER  FRED.. 
Vo2=C0 z  OOO-IO!  L/NECENTER  FREQ. 


Tp  =  SPONT.  DECAY  TIME  FROM  101 

=  "  «  II  II  I OO 

>fo~  POLA  RIZA  TION  DECA  Y  ^  00-100 

7 ^  r  *  101-000 

7P~  RAMAN  COHERENCE  DECAY  0GO-/0O 

t  -  t  /  (CO-/COUN  ter  - PRO  POGA  TION  ) 


This  expression  for  gain  was  evaluated  numerically 
in  referent  a  [3.|  u:tco  r  varioir;  conditions.  Of  particular 
interest  are  the  results  for  HF  power  1  100  kW/cin^  (  .7  mJ 
per  pulse  coupled  into  a  3ma  diameter  tube),  COg  pressure  = 
10  torr,  and  three  different  HF  pump  frequencies  [3:66]. 

The  results  for  these  conditions  ate  given  in  figure  11. 


Figure  1 1 . 

CO2  Gain  for  3  HF  Pump  Frequencies  [3:65] 

From  these  curves,  C0o  output  potter  as  function  of 
frequency  can  be  established.  First,  the  nature  of  the  CO^ 
cavity  will  be  addressed. 

The  CO2  laser  is  simply  a  pyrex  cell  with  CaF2  windows; 
no  mirrors  are  used  and  sufficient  gain  is  established  in 
a  single  pass  to  produce  lasirtg.  That  is,  the  CO^  laser 
operates  in  an  amplified  spontaneous  emission  mode  (ASE). 

Typical  ASE  operation  does  not  exhibit  a  preference  for  forward 

or  backward  propogating  beams.  The  HF  pumped  CO,,  laser 

has  a  forward  to  backward  power  ratio  of  12,  however  [3:73], 

This  ratio  is  partially  explained  by  the  previous  arguments 
concerning  the  coupling  of  the  two  doppler  curves.  The 
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optical  pumpin'!  also  establishes  a  population  nradient 
within  the  cell  due  to  the  variable  intensity  of  the  HF 
bean  as  it  propagates  through  the  CO^  aas.  The  ItF  beam 
also  requires  a  fihite  time  to  pass  through  the  cell  and 
the  population  Inversion  at  one  end  is  established  before 
it  is  at  the  other  end.  A  detailed  rate  equation 
investigation  would  be  required  to  explain  the 
details  and  sixe  of  the  forward  to  backward  power  ratio. 

Such  a  directional  nature  to  gain  is  often  associated 
with  superradiuwee  [60-70].  It  is  probable  that  this  system 
is  not  superradiant,  and  simply  operates  In  an  ASE  mode.  The 
Raytheon  report  states  the  CO2  laser  operates  in  ASE  mode  without 
explanation  [3:70].  Supcrradi ant  operation  usually  entails 
very  short  time  scales,  cn  the  order  of  picoseconds.  In 
a  superradiant  mode,  the  molecules  in  a  volume  whose  dimensions 
are  much  less  than  the  size  of  a  wavelength  are  coupled 
and  power  is  proportional  to  the  number  of  excited  states 
squared,  rather  than  linearly  proportional  to  population 
inversion  ,  as  in  ASE.  Since  the  seme  energy  is  available, 
but  the  pulse  is  much  greater  in  magnitude,  the  pulse  must 
be  narrow  in  time  [71 J.  The  CO^  pulses  do  not  exhibit  this 
nature,  but  rather,  they  follow  the  HF  pump  pulse  rather  closely 
[3:74].  No  conclusive  statement  concerning  superradi ance  can 
be  made  from  the  data  obtained  in  this  experimental  study, 
but  the  process  is  probably  not  important. 

Since  the  CO '  laser  operates  without  a  "cavity",  the 
determination  of  axial  modes  from  the  usual  criterion  of 
waves  constructively  Intorferring  does  not  apply.  Rather, 
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there  exists  a  "natural"  cavity  lcnqth.L  ,  determined  by 
the  gain  curve.  The  system  will  tend  to  operate  at  the 
maximum  in  the  gain  curve  for  ASE  operation. 

Now,  returning  to  the  gain  curves,  the  CC^  power  as  a 
function  of  HT  frequency  can  be  obtained  from  the  maximum 
gain  of  each  curve  in  figure  11,  as  shown  in  Table  I. 

Table  I. 


COj,  Gain  versus  HF  Frequency 


6  (lOO MHZ) 

7  (cm1  ) 

r/r(6=o) 

0 

5  5 

/.  0 

1 

35 

.64 

2 

/  0 

.  1  8 

Power  is  proportional  to  gain.  If  Y^Y  and  P~P  for  b-0  , 

7  P 

then  yoor  pd  can  be  plotted  as  a  function  of  HF  frequency, 
as  is  shown  in  figure  12.  A  value  for  P°  will  be  calculated 
after  considering  gain  saturation. 

In  the  Raytheon  investigation,  no  variation  of  CO^ 
power  with  changes  in  HF  frequency  were  observed.  Saturation 
was  suggested  as  a  possible  explanation  [3:75].  Saturation 
in  two  senses  can  be  considered.  First,  a  total  inversion 
is  possible  for  very  high  pump  energies.  If  one-half  of 
the  CC>2  molecules  are  raised  from  the  000  state  to  the  101 
state,  then  absorption  goes  to  zero.  More  intense  IIF  beams 
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will  simply  be  transmitted  by  the  CO^  gas.  Secondly,  the 
laser  field  created  by  the  population  Inversion  decreases 
the  Inversion  and  thus,  decreases  gain  and  puw  r.  That  Is, 
gain  depends  on  the  field  Intensity. 

Under  no  circumstance  is  the  CO2  system  completely 
inverted.  Assuming  a  Boltzmann  distribution  of  molecules 
among  the  rotational  states  of  the  ground  vibrational  level, 
only  5  I  of  the  total  number  of  CO^  molecules  populate  the 
J  »  8  level  and  are  accessible  for  transition  to  the  101 
vibrational  level.  Ruchwald  found  the  characteristic  time 
for  equilibration  of  the  ground  state  rotational  levels  to  be 
90  ns-atn,  or  .8  ns  at  7  terr  [23].  This  equilibration  time 
is  much  shorter  than  the  pump  pulse  duration  of  100  ns. 

Many  of  the  ground  state  C0^  molecules  will  fill  the  0-8 
level  as  the  HF  pump  pulse  depletes  them.  Five  percent  of 
the  total  C02  number  is  a  very  conservative  value  -for  considering 
total  inversion  and  will  be  used. 


The  number  of  CO  molecules  available  for  transition  are 
2 

•°$  N  =  = 4*10  (126) 

for  V ,  T~300°K  P-7TORR  .  The  incident 

IS 

number  of  HF  photons  is  from  equation  (111)  2.2 ’10 

Even  If  every  photon  is  absorbed  and  only  5  %  of  the  CO^ 

molecules  are  available  for  pumping,  .q^R/  =  55>lO 

and  a  total  inversion  is  impossible.  Raytheon  used  a  smaller 

cell  (  2.3  cm3)  and  a  higher  pump  energy  (.8  mJ).  For  these 

conditions,  N^/.05N-/i5  a,,d  ’  A  total  1,1vers1on 
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Is  possible  If  all  the  photon?;  are  absorbed  and  no  equilibration 
of  rotational  levels  occur.  1 h i s  Is  not  the  case  and  the 
system  would  or.  ly  approach  the  criteria  for  a  total  Inversion. 

Saturation  from  the  laser  field  intensity  reduces  the 
gain  of  the  system  according  to 


y  ■- 


.X 


where 


/  4-  - 

?2S 


(127) 

[24:168] 


yspjUlLA2t  A 

In  fir,  <•' 


a  VI 


2 


x  ^T,h  l{  p2i 

b  0Mt\  '[1^2 PSION 


(128) 

(129) 

(130) 

This  gain  saturation  relationship  is  strictly  valid  for 
a  steady  state  operation.  The  cavity  photon  lifetime  is 
very  short  for  the  C0^  laser  since  there  arc  no  mirrors 
on  the  cavity.  The  arguments  of  page  39  can  again  be  used 
To  justify  the  use  of  equation  (127). 

To  evaluate  £5  from  equation  (129),  the  lineshape 
from  equation  (106)  and  an  Einstein  coefficient  0 f  /)?/  » 200 5* 
[3:60]  is  used.  Appropriating  the  inversion  lifetime,  7  , 


as  the  pulse  fidth  (100  ns), 

_  3  J.., 

CNrS 

The  HF  pump  intensity  is 

3 1.3  « 10  CM~S 


(131) 


(132) 


A  beam  spot  size  of  GCMj  s  used  in  this  calculation 


The  C0^  field  intensity  is  some  fraction  of  the  HF  intensity 
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k'O'/1  P  *Hv 

(118) 

0^7  and  *>r  ./  .  Under  these  conditions  the  transition 

is  not  saturated. 

For  the  Raytheon  studies,  /Tp -O.ST)lJ  and'  A-TT(.Olrfof 
7  ,/  h 

giving  £ ~  l-l*  10  c}.'^  S  >  anc*  ^ie  -100 

transition  is  certainly  saturated. 

n  G 

Nov/  that  saturation  has  been  examined,  a  value  of  r 
for  page  49  and  figure, 12  can  be  calculated.  From  equations 
(131)  and  (132)  ,  the  relation  bctv.een  small  signal  and 


(133) 


saturated  gain  is 

y  =  5.6  >■  io'3  To 

Gain  is  related  to  inversion  by 

7*0  A  see  Ed.  IE- 

(134) 

and  inversion  to  energy  per  pulse,  assuming  no  losses, by 


Ep-hp  AT 


(135) 


where  A  is  the  populiaion  inversion  per  volume  and  <J  is 
the  optical  crossecticn  related  to  transition  rate  by 


a  n 


Again  using  C  (£)»  77  * 10  5 

A  «  £E'l6M  ctf5 
and  energy  is 

Ep*$6f.iJ  SCOW 


end  Agp2CQ-g  , 


(136) 
then 

(137) 


(138) 
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The  theory  of  the  HF  pump  laser,  a  kinetic  model  for 


the  SFg  +  }<2  In  an  electric  discharge,  and  the  theory 
of  optical  pumping  and  the  CO2  laser  has  been  presented. 

To  compare  these  predictions wi th  the  performance  of  the 
actual  system,  an  experiment  has  been  designed  and  is  described 
In  the  next  section. 
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Experiment 


This  e:-  ;K'r ■; merit  was  designed  to  character!  ze  the  performance 
of  l’ie  HF  puir.jv.d  C02  laser  and  study  the  dependance  of  Q0,> 
power  on  HF  f  rc-g  uency .  First,  the  HF  laser  developed  by  the 
Raytheon  Corporation  [3]  and  the  modifications  made  to  this 
laser  will  be  described.  Next,  the  experiments  to  characterize 
the  HF  laser's  performance  are  outlined.  The  HF  pumped  C02 
system  is  then  analyzed,  including  the  coupling  of  the  HF 
beam  into  the  C02  cell.  Finally,  the  ops  nil  mental  set-up  and 
procedure  for  the  frequency  investigation  is  presented. 

H F_ laser  Poser i p lion 

The  molecular  laser  used  to  pump  the  C02  laser  is  an 
SFg  +  H2/D2,  electric  discharge,  high  repetition  rate  HF/DF 
laser.  Only  hydrogen  will  be  used  in  this  experiment.  The 
laser's  specifications,  as  presented  in  reference  [3]  are 
listed  in  figure  13. 

OUTPUT  ENERGY-  )/W 

MU  L  TILTNE 

REPETITION  RATE -  TO  10,000  PPS 
PULSE  WIDTH  ■  IOO  NS 


Figure  13. 

HF  Laser  Specifications 

A  picture  of  the  laser,  without  the  hiqh-voltaqe  electrical 
collections  or  exhaust  pump,  is  shown  in  figure  14  [3:29]. 
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The  cathode  (8"  x  1  3/4"  x  3  1/2")  is  situated  above  the 
cylindrical  body  (13  1  / 4 '*  x  1  <\  l/2"dia)  directly  above  the  optical 
cavity  (gas  volume:  17  1/2"  x  1  l/S*  dia.).  The  grating  (left) 
and  output  coupler  (right)  extend  the  cavity  to  .5  meters. 

The  remainder  of  the  cylinder  houses  the  gas  recirculating 
ai1d  cooling  systems,  and  the  thyratron. 

Details  of  the  laser  and  its  four  subsytems  will  be 
discussed  in  the  following  sections. 


Optical  C  a  v  i  t 

The  reacting  gases  are  sealed  within  the  cylindrical 
laser  housing.  The  optical  path  is  formed  by  two  CaF  windows 

(1  3/8"  dia.)  at  rewstei's  angle,  55°,  soperated  by  17  1/2". 
The  cavity  is  establ ishedby  a  copper  and  a  germanium  mirror. 

as  shown  in  figure  15. 
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Figure  15. 

HF  Optical  Cavity 


A  300  gr/mm  grating  (  1  3/4"  x  1  3/4"  )  can  be  exchanged  for 
the  copper  mirror.  The  grating's  normal  is  fixed  at  39°  to 
the  optic  axis.  A  35  %  output  reflectivity  was  selected  as 
the  maximum  output  coupling  based  on  the  work  with  an  HF 
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mini -TEA  laser  [3:10].  The  active  volume  of  the  optical  cavity 
is  determined  by  the  elctro-Jes  and  is  described  in  the  next 
section. 

Electric  Discharge 

The  electrical  circuit  design  is  dictated  by  the  requirements 
for  a  350  Amp,  120  ns  current  pulse  to  initiate  the  chemical 
reaction  at  repetition  rates  -of  up  to  10  kHz.  The  discharge 
circuit  is  shown  in  figure  16  and  consists  of  three  main 
components ;  (1)  the  voltage  supply  and  doubler,  (2)  the 
trigger  and  thyratron ,  and  (3)  the  laser  cathode/anode 
structure . 


HF  Laser  Discharge  Circuit 

The  6  kV  supply  charges  the  5  nF  capacitor  through  the  diodes 
and  inductor  while  the  thyratron  is  open  circuited.  When  the 
TM-5  trigger  fires  the  thyratron,  12  kV  is  placed  across  the 
cathode/anode,  a  large  current  flows  through  the  thyratron  and 
from  the  anode  to  cathode.  (Electrons  flow  from  the  cathode  to 
the  anode.) 

The  DC  voltage  supply  Is  a  lOkV,  5kW,  Glow  Discharge 
Power  Supply,  Electro  Powerpacs  Corp  Model  1102.  The  high 
voltage  diodes  arc  manufactured  by  Solitron,  but  no  specifications 

could  be  obtained.  The  saturable  inductor  is  used  to  eliminate 
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the  losses  associated  with  resistive  charging  and  to  meet 
the  10-!. I! 2  repetition  rate  requirement.  The  high  Inductance 
required  for  charging  the  5  nF  capacitor  would  also  cause 
the  thyratron  to  "lock-on"  during  discharge,  but  the  inductor 
reduces  its  value  to  20  mH  at  saturation  and  the  thyratron 
operates  as  designed. 

The  I i Y  3001  hydrogen  thyratron  switches  the  current 
through  the  cathode/anode.  The  thyratron  consists  of  a 
cathode,  anode,  and  high  voltage  grid.  Electrons  are  accelerated 
from  the  cethoe  to  the  anode  under  the  high  voltage  and  collide 
with  I! g  molecules,  producing  ions  and  electrons  by  the  reaction 

Hp  +  <£ - -  H~, •}•  e"  (139) 

The  current  is  increased  by  several  orders  of  magnitude. 

The  plasma  nuetralizes  and  the  current  pulse  is  terminated. 

As  long  as  the  grid  voltage  is  held  at  a  large  negative  voltage, 
no  current  flows.  But,  as  its  value  is  made  less  negative, 
elctrons  begin  to  leave  the  cathode  and  eventually  acquire 
enougli  energy  to  ionize  the  hydrogen  gas.  Breakdown  occurs 
and  a  sharp  pulse  is  created.  A  photograph  of  an  oscilloscope 
trace  of  this  current  pulse  as  observed  by  Raytheon  is 
presented  in  Appendix  B. 

The  trigger  for  the  thyratron  is  an  EGA6  TM-5  trigger 
module  with  a  HY  6004  hydrogen  thyra tron  tha t  produces  a  25  A/ 

2.5  kV  and  500  nsec  output  pulse,  with  a  variable  repetition 
rate  to  20  kHz. 

The  cathode  consists  of  "68  molybdenum  pins,  .03  inch  in 
diameter,  sealed  to  a  high  density  alumina  body  using  7052 
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Corning  glass"  [3:40].  A  22 0  Ohm,  iO  Watt  resistor  is 
connected  to  each  pin.  The  pins  are  arranged  i n  three  rows  with 
.083  inch  seperation  between  rows  and  .33  inch  separation 
between  pins  in  the  same  row.  The  flat  aluminum  anode  is 
.4  inch  below  the  cathode.  This  anode  cathode  seperation 
was  chosen  on  the  basis  on  tests  that  Raytheon  conducted  with 
the  mini-TEA  laser  [3:41].  The  total  active  volume  is 
7.5"  x  .166"  x  .4  "  ~  .5  cubic  inches  =  8.16  cubic  centimeters. 


Gas  Flow 

This  gas  laser  requires  a  flowing  system  for  two  reasons, 

(1)  products  of  the  chemical  reaction  must  be  removed  from 
the  cycle  and  freslt  reactants  supplied  and  (2)  products  of 
recation  and  heat  of  reaction  must  be  convected  from  the 
optical  region.  The  system  is  not  sealed  and  gases  are 
recirculated  many  times  before  being  exhausted. 

For  maximum  operation,  a  fresh  SF  +  H  gas  supply 

o  c 

should  be  provided  for  each  discharge  duration.  This  establishes 
a  requirement  for  flow  velocity  [72].  It  is  important  that 
reaction  products  be  removed  from  the  optical  cavity  and  two 
processes  accomplish  this:  (1)  recombination  processes  such 
as 


sf5+f—sf6 


(140) 


and 

H  -t  H - H2 


(61) 


and  ( 2 1)  convection  of  products  from  the  active  volume  by 
high  speed  flows.  Recombination  processes  are  discussed  in 
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the  theory  section  on  kinetics,  pages  12-26.  In  general, 
these  processes  are  slow  and  convection  serves  as  the  primary 
means  for  removing  unwanted  products. 

If  a  uniform,  constant  gas  flow  Is  assumed,  then  the 
flow  rate  criteria  yields 


FIOW  %  *  VOLUME  *  RE P  PaTE  (141) 

The  flow  will  riot  be  laminar  and  uniform  for  three  main 
reasons;  (1)  a  boundary  layer  will  form  on  the  electrodes, 

(2)  the  flow  will  be  very  turbulent,  as  a  result  of  the  physical 
design  of  the  gas  recirculating  system,  and  (3)  sudden 
beating  of  the  gases  during  the  electric  discharge  will 
create  pressure  waves  within  the  gas  mixture. 

Dzakowicz  and  Wutzke  estimate  the  required  increase  in 
flow  rate  due  to  processes  (1)  and  (3)  to  be  a  factor  of 
2  -  5.  [72]. 


The  speed  of  sound  in  the  SFg+H^  mixture  may  be  calculated 
theoretically.  The  heat  capacity  of  SF  at  300°K  Is 

D 

23.329  cal/mole  °K  [73].  Then,  from  an  ideal  gas  approximation. 


R*r2  CAl/MOLE 


(142) 


and  the  speed  of  sound 
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Is 

=  136  % 


(143) 


This  establishes  an  upper  limit  on  repetition  rate  for  a 
subsonic,  clean  flow. 

The  flow  of  gases  external  to  the  HF  laser  is  diagrammed 


in  figure  17.  Gases  are  stored  in  100  lb.  cylinders  at 
20  psig  and  fed  by  3/4”  plastic  tubing  to  a  control  panel 


Laser  External  Gas 


with  Matheson  603  (H  )  and  605  (SF  )  flow  meters  to  control 

2  6 

the  flow  rate  and  mixture.  Calibration  charts  for  these 

flow  meters  are  given  in'Hgnre  18,  from  [3:88],  lor  the 

typical  operating  points  of  20mm  H  and  35  mm  SF  ,  the  flow 

2  6 

rates  are  1.4  1/min  and  5.6  1/min,  respectively.  The  SF  +  H 

6  2 

mixture  is  introduced  into  the  HF  laser  across  the  CaF^  br.ewster 
windows.  The  flow  of  gases  within  the  laser  is  illustrated 
In  figure  19  and  discussed  below. 

Gases  are  exhausted  through  a  1  1/2"  Hayward  PVC  Ball 
Valve  and  an  Alcatel  ZT  1060C  vacumn  pump  to  a  chemical 
scrubber  and  exhausted  to  the  atmosphere  through  a  roof  fan. 

The  ball  valve  controls  total  9as  pressure  in  the  laser  cavity. 

Once  gas  is  in  the  cylindrical  laser  housing,  it  flows 
In  a  circle  past  the  discharge  area,  through  a  sulfur  precipitator, 
chemical  scrubber  and  heat  exchanger.  For  low  repetition  rates, 
two  Rctrori  Propimax  30  Model  75'D  fans  with  a  62.8  1/s  capacity 
each,  are  used  to  recirculate  the  gases.  The  flow  velocity 
within  the  cavity  is 

n  =  2  (62  8)(?.0Chfc  -  649 

(144) 


The  speed  of  sound  from  equation  (143)  is  136  m/s  and  then, 
the  mach  number  is 


M-=- 


U  „ 

o- " 
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(145) 


The  fresh  gas- flow  rate  is  7  1/min  or  .12  1/sec  and  on  the 
average  the  gas  remains  in  the  laser  cylinder  for  523  cycles. 

With  this  large  number  of  cycles  before  exhaust,  many 
contaminants  will  build  up  in  the  gas  flow.  The  kinetic 


model  presented  in  the  theory  section  was  based  on  a  single 
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Hydrogen  at  20  psig.  Malhoson 
002  tube,  "lass  ball. 


FlOw  RAT[  {t  /  tv,  ) 


Sulfur  hexafluoride  at  20  psig. 
Matheson  G05  tube,  glas:;  ball. 


Figure  18. 


Flow  Rate  Calibration  Charts  f 3 : 8 8 1 


cycle  and  neglected  the  foi-mtion  of  S,  H^S,  ground  state  HF, 
etc,  \  /  h  i  cli  ere  toned  dorr."; reai  i  of  the  discharge  vol  time  after 
Many  cycles.  In  order  to  eliminate  Ihc-sc  unwanted  products 
from  the  flow,  a  sulfur  precipitator  and  chemical  scrubber 
are  included  in  the  laser  gas  recirculating  design.  The 
sulfur  precipitator  is  constructed  of  many,  water  cooled, 
aluminum  plates.  Two  chemical  scrubbers  containing  Linde 
5A  Molecular  Sieves  remove  other  contaminants.  Note,  as  the 
laser  is  run  for  extended  periods,  particulates  will  build 
up  on  these  collectors  and  their  efficiency  will  be  degraded. 
The  odor  of  H^S  was  noticed  in  the  laser  exhaust  and  it  is 
assumed  that  the  precipitator  end  scrubber  do  not  efficiently 
remove  contaminants  from  the  flow. 

Cooling  System 

The  electrical  energy  input  to  tbe  laser  is  rather  high: 

fA  V  ~  $  *  21  W  (  A  VE.  D ISOHA  RGB  POWE  RJ{U6) 

Pp  z  /  \/  3  4  MW  (PEAK  DISCHARGE  POWER)  (I*7) 
PFan  =  60  0  W  (  PA N'S  POWER)  (148) 

This  energy  heats  the  gas,  cathode,  and  other  components. 
Output  power  is  very  sensitive  to  gas  temperature,  see 
figure  20  [3:  13].  To  cool  the  gas  flow  a  Lytron  Model 
5120  Heat  Exchanger  (38W/°F)  is  included  in  the  design. 

Extreme  temperatures  will  also  damage  the  electrical 
components.  These  elements  are  air,  water,  and  oil  cooled. 

The  gas  recirculating  fans  are  cooled  by  the  hiqh  speed 
gases  flowing  past  them  and  should  not  be  onerated  with 

less  than  50  torr  total  pressure  in  the  cavity.  The  saturable 
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Inductor  and  voltage  doublin']  circuit  is  air  cooled  by  a 
s ra all  fan.  Gases  are  exhausted  to  atmosphere*  and  convoct 
hea  t  froin  the  laser. 

The  remaining  cooling  is  completed  by  a  water  and  oil 
(silicone,  20  cs  viscosity)  flow  system  as  detected  in 
figure  21.  Chilled  water  cools  the  heat  exchanger  and  sulfur 
precipitator  directly.  The  oil  cools  the  cathode  and  thyratron 
In  a  closed  flow  system.  The  oil  exchanges  heat  with  the 
chilled  water  in  a  Young  SSF- 302-RY-2P  heat  exchanger  and 
is  pumped  by  a  Little  Giant  Model  13  pump. 

HF  Laser  Modifications 

A  number  of  modifications  were  made  to  the  HF  laser 

to  complete  the  frequency  investigation  and  to  repair  damaged 
components. 

Optical  Cavity 

The  power  -  frequency  relations  developed  in  the  theory 
section  were  based  on  a  single  axial,  TEM  00,  0^(6)  laser 
transition.  The  experiment  also  requires  a  controlled 
variation  of  I1F  frequency  across  the  linewidth  of  500  MHz. 

The  HF  laser  normally  operates  multiline  and  multimode,  however. 

Two  modifications  to  the  optical  cavity  were  made  to  solve 
these  problems.  An  aperture  was  designed  and  installed  to 
force  the  laser  to  tiie  TEM  00  mode.  A  piezoelectric  crystal 
was  added  to  drive  the  output  coupler  mirror  and  control  HF 
frequency.  The  P9(6)  transition  was  selected  with  the  oratlna 
replacing  the  0FIIC  copper  mirror.  A  diagram  of  the  modified 
optical  cavity  is  shown  in  figure  22. 


68 


figure  21  . 

HF  Laser  Cooling  System 
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figure  22. 

Modified  IIF  Optical  Cavity 
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The  variable  aperture  is  continuously  variable  from 
.  o  5  9  “  to  .700  ",  v;  1th  thirteen  calibrated  positions 
(.059,  .006,  .120,  .159,  .193,  .221,  .281,  .323,  .359,  .406, 
.500,  .709  inch).  TEM  00  opcratitlon  is  achieved  for 
aperture  diameters  of  .221  inches  or  less.  The  aperture 
is  mounted  in  an  aluminum  plate  and  fixed  to  the  qratinq 
mount  with  a  vertic  position  control  and  centered 
horizontally  on  the  discharge  volume. 

The  HF  frequency,  ,  is  varied  by  chanqinq  the  cavity 
length,  ,  with  a  variable  voltage,  0-1.3  kV,  applied  to 
the  piezoelectric  crystal.  A  Lansing  BO-214  Lock-in 
Stabilizer  is  used  to  supply  the  hiqh  voltaqe  to  the  crystal. 
In  the  slow  scan  node,  this  supply  provides  a  linear  ramp  of 
0  to  -  1.3  kV  in  44  seconds.  The  crystal  returns  to  its 
unperturbed  length  in  less  than  one  second.  Fioure  23 
shows  a  plot  of  the  voltage  applied  to  the-  crystal  as  a 
function  of  time. 


F'Z  Voltaqe  as  a  Function  of  Time 
The  crystal  expands  by  2,22  pm  under  a  1.3  kV  applied 
voltage.  This  motion  was  detected  with  an  Ealinq  Michelson 
interferometer  as  shown  in  figure  24. 
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Figure  24. 

Interferometer  Test  of  PZ  Crystal  Motion 
Fringes  of  2.5  cm  diameter  were  achieved  at  the  screen  and 
a  shift  of  seven  orders  was  observed  as  the  voltage  was 
was  varied  from  0  to  -1.3  kl'.  The  length  clianoe  of  the  crystal 

A  L  =  m  3  Z2  U  m 


(145) 


This  nearly  meets  the  requirement  established  by  equation  (18) 
for  covering  the  500  MHz  linewidth  of  the  HF  gain  curve. 

The  crystal  was  mounted  on  the  laser  with  an  adapter 
that  screwed  into  the  original  mirror  mount.  The  mirror  was 
held  to  the  adaptor  by  the  same  ring  screw  that  originally 
held  the  mirror  to  the  cavity. 

The  modified  cavity  length  is  56.5  cm  and  from  equation 
(17)  the  free  spectral  range  is  268  MHz.  The  free  spectral 
range  is  less  than  the  linewidth  and  two  axial  modes  will 
exist  during  extended  periods  of  the  piezoelectric  crystal's 
sweep.  Given  the  physical  dimensions  of  the  cylindrical 
housing,  little  can  be  done  to  increase  the  free  spectral 
range . 
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When  two  axial  inodes  exist,  both  will  pur, ip  the  CO2 
000  -  101  transition.  The  mode  on  the  low  frequency  end  of 


the  gain  curve  will  pump  much  loss  efficiently,  however. 

11  has  an  offset  frequency  of  265  MHz  <1  reciter  than  the 
first  mode.  Based  on  the  model  of  pages  37-42  and  eauation 
(121),  the  ratio  of  pumping  efficiency  for  the  two  axial 
modes  is 


lx/0 


(150) 


and  the  lower  frequency  mode  may  be  neglected. 

Frequency  stability  of  any  mode  could  be  enhanced  by 
increasing  the  number  of  axial  modes.  If  the  free  spectral 
range  were  to  be  decreased  to  170  MHz  (3-4  axial  modes), 
the  ratio  as  calculated  in  equation  (150)  vrould  increase 
to  10  %  and  the  second  mode's  interaction  could  not  be 
neglected.  The  theory  v.'ould  be  significantly  complicated  in 
this  case.  Note  also,  that  decreasing  the  free  spectral  range 
limits  the  range  over  which  the  frequency  can  be  effectively 
varied.  The  effect  or,  CO2  laser  power  at  large  offset  frequency, 
6,  would  not  be  measuretbl e .  For  these  reasons,  one  or  two 
axial  modes  is  preferable. 

The  spot  size  of  the  II F  beam  Is  important,  because  the 
beam  must  be  coupled  into  the  CO^  cell  will  sufficient 
intensity  to  establish  the  threshold  population  inversion. 

The  HF  beam  is  large  and  will  be  reduced  with  an  optical 
system  external  to  the  HF  cavity. 

Several  other  problems  were  encountered  with  the  optical 
cavity.  Beam  quality  is  rather  poor  due  to  aperturing,  flow 


turbu  1  ence ,  etc.  Ream  divergence  is  largo,  about  9  mrad. 

Tito  control  on  optical  al  1  orment ,  p;.  rti  cul  at  1  y  for  the 
grating  is  poor.  Finally,  the  output  coupler  v:a$  not  truly 
flat  on  the  external  side,  wi  tit  a  wedge  angle  of  7.3  mrad 
in  the  vortical  direction  and  14.6  mrad  in  the  horizontal 
di  rec  tiori. 

Electric  Discharge 

Repairs  and  modifications  to  the  high  voltage  DC  supply, 
high  voltage  diodes,  and  the  thyratron  trigger  unit  were 
requi red . 

Tito  PC  voltage  supply  was  modified  to  be  included  in  the 
interlock  system.  This  system  prevents  the  laser  from  beinq 
run  if  the  chilled  water  supply  is  off  or  if  a  five  minute 
warm-up  time  for  the  thyratron  is  not  provided.  The  DC  supply 
was  wired  to  this  interloci,  system  so  that  it  could  not  be 
turned  on  if  the  interlock  system  was  open  circuit,  or  tripped. 
This  lit  DC  supply  require  240  Yolt  single  phase  power. 

The  big!)  voltage  diodes  of  figu;o  16  were  unreliable 
and  probably  underrated  (16-20  kV,  required).  The  Solitron 
8040  2A  SLP  -  30  diode  failed  twice  during  the  investigation. 
Without  this  diode,  the  voltage  doubling  circuit  does  not 
function  and  the  discharge  is  spatially  nonuni form. 

One  replacement  diode  was  available  and  was  used  to  replace 
the  first  failure.  The  I  -  V  characteristic  for  the  defective 
and  replacement  diodes  are  shown  in  figure  26. 

The  second  failure  ocunred  after  repeated  arcing  in  the 
voltage  doubling  circuit  and  extreme  heating  of  the  diode. 
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Figure  25. 

I-V  Characteristic  of  MV  Diode  (8040) 


Three  Varo  VC  80  V  diodes  (8  kV»  ?A ,  ea.)  were  used  in  series 
to  replace  the  single  Solitron  diode. 

Repeated  problems  in  triggering  the  HY  3001  thyratron 
were  encountered.  Two  distinct  problems  wore  involved. 

First,  the  EG&G  l!:-5  trigger  unit  with  HY  6001  thyratron 
was  inoperative  and  replaced.  Secondly,  the  inetgrators 
and  recording  equipment  require  synchronization  with  the 
discharge  pulse. 

The  EG&G  Ttl-5  unit  whoulcl  provide  a  2.5  kV,  500  nsec 
pulse  (unloaded).  Two  components  v.'ithln  this  unit  failed, 
however.  A  2N44G1  transistor  was  defective  and  replaced. 

The  HY  6001  thyratron  was  defective,  probably  due  to  its 
mounting  design.  The  thyratron  was  located  on  its  side  and 
the  grid  was  likely  warped.  No  replacement  thyratron  was 
available  and  a  nev:  trigger  system  was  designed. 

An  CGftG  TM-30  trigger  was  available  and  used  to 
trigger  the  HY  3C01  thyratron.  To  match  the  output  Impedence 
of  the  TM-5  unit,  a  28  ohm,  wire  wound  resistor  was  put 
in  series  with  the  grid  output  of  the  TM-30  unit.  The  rise 

74 


time  of  the  trigger  pulse  was  increased  by  a  factor  of  two 
to  2  ms  by  the  inductance  of  this  v/i  re  wound  resistor.  The 
magnitude  of  the  trigger  pulse  was  2  IcV  and  was  sufficient 
to  fire  the  laser  thyratron. 

The  final  solution  employed  for  the  intenrator  synchronization 
problem  involved  using  two  pulse  generators  with  variable 
delay.  The  circuit  is  shown  in  figure  26. 
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Figure  26. 

Trigger  Circuit 

The  first  pulse  generator  is  free-running  and  its  variable 
repetiton  rate  determines  the  discharge  repetition  rate. 

The  positive  output  of  this  generator  triggers  the  boxcar 
integrator,  whose  gate  output  is  used  to  trigger  a  second 
pulse  generator  with  variable  delay  control.  In  this  way, 
the  boxcar  integrator  gate  and  laser  pulse  may  be  synchronized. 
Substantial  space-charge  buildup  in  the  TM30  circuit 

required  grounding  the  wire  wound  resistor  temporarily  before 
laser  turn  on. 


Gas  Flow 

A  limited  supply  of  Sf^  v;as  available  for  this  study, 
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approximately  300  lbs.  Gas  consumption  without  recirculation 
is  100  lbs/  1.5  min  [3:30].  V/  1th  gas  recirculation  of  500 
cycles,  the  100  lb  cylinder  should  last  12.5  hours.  Fven 
at  this  rate,  the  supply  will  only  last  37.5  hours. 

To  decrease  the  SFg  gas  usage  and  increase  laser  time, 
a  modification  to  the  flow  system  was  made.  In  the  original* 
design  a  1  7/8"  inner  diameter  stainless  steel  pipe  was  used 
to  exhaust  gases  from  the  laser  through  the  ball  valve  and 
vacumm  pump.  This  pipe  size  was  used  to  accomadate  the  gas 
flov;  required  at  10  kHz  repetition  rates.  Repetition  rates 
of  about  100  Hz  were  used  in  this  experiemnt  to  conserve  gas, 
provide  sufficient  signal-to  noise  averaging  ,  and  maintain 
sufficient  energy/pulse  to  pump  the  C0£  laser.  This  rate 
requires  a  100  times  smaller  flow  rate  and  a  smaller  exhaust 
pipe  may  be  used. 

The  average  flow  velocity  (radial  average)  of  a  flow  in 
a  pipe  is 


(151) 
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where  CL  is  the  pipe  radius,^  the  gas  viscosity,  and 

the  pressure  gradient,  axially.  The  volume  flow  rate  is  then 

(152) 

By  reducing  the  pipe  radius y  much  lower  flow  rates  can  be 
achieved.  The  same  effect  can  be  obtained  by  nearly  closing 
the  ball  valve,  but  this  adjustment  becomes  very  sensitive 
for  such  slow  rates. 

On  this  basis,  the  modification  of  figure  27  was  made. 

A  cavity  pressure  of  1  torr  was  obtained  with  this  modification 
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-Pass  Valve  Modification 


and  the  ball  valve  closed.  Two  torr  was  maintained  for  several 
hours.  The  ball  valve  could  not  be  completely  closed  when 
running  the  laser  because  a  slightly  greater  flow  rate  was 
required.  The  pin  valve  was  used  as  fine  adjustment  for  flow 
rate . 

HF  Laser  Operation,  Safety,  and  Alignment 

Appendix  C  lists  the  step-by-step  procedure  used  for 
running  the  HF  laser. 

Several  safety  factors  were  considered.  Deadly  voltanes 
and  lethal  energies  arc  exposed  during  the  operation  of  the 
laser.  The  trigger  circuit,  cathode  area,  and  high  voltage 
DC  supply  must  be  handled  with  extreme  care.  High  voltage 
areas  are  clearly  marked  and  shielded. 

The  interlock  system  was  described  on  paoe  73. 

The  thyratron  can  "lock-on",  continuously  conducting 
current.  If  this  accurs,  the  high  voltage  simply  must  be 
turned  off  within  seconds  to  prevent  damage  to  the  power  supply. 

The  gas  recirculating  fans  are  gas  cooled  and  must  not 
be  operated  with  loss  than  50  torr  total  pressure  in  the 
laser  cavity. 

Several  grounding  wires  are  conveniently  located  for 
possible  emergency  use. 

A  gas  detector  { -ombus tibl e  products)  was  installed 
in  the  gas  storage  closet. 

The  safe  eye  exposure  distance  (SEED)  is  laroer  than  the 
dimensions  of  the  lab  room: 

5  EED-^  — r- 

y  1  f  Qj/j  Pt  L 


(153) 


Evaluating  equation  (153)  for 

Ep~  I  mJ 


~  6  im'uci 

to"  M( 


II/- 


yields 


SEED-  200  M 


(154) 


The  required  optical  density  for  goggles  is 

_  (155) 

Goggles  v/ith  /)  =  4  at  2.8  pm  were  available  and  were 

used  when  operating  the  laser. 

The  HF  cavity  was  aligned  with  a  HeNe  laser.  The  laser 
is  high  gain  and  alignment  is  not  particularly  difficult. 

Ori ce  lasing  is  achieved,  the  power  can  be  maximized  by  adjusting 
each  of  the  mirrors.  To  achieve  sinolc  line  operation,  the 
copper  mirror  is  removed  and  replaced  by  the  grating.  Once 
the  grating  is  in  place,  lasing  can  be  established  by  merely 
adjusting  the  grating  angle. 


HF  Laser  Performance  Characterization 

The  first  set  of  experiments  characterized  the  performance 
of  the  HF  laser.  Power  was  measured  as  a  function  of  pressure, 
Slg /H  2  mixture,  repetition  rate,  discharge  voltage,  aperture 
diameter,  and  tine.  quality  and  divergence  were  also 

Investigated.  The  laser  was  operated  under  both  multiline 
and  single  line  (Including  the  P2(6)  transition)  conditions. 

Multiline  operation  was  achieved  with  the  OFHC  copner 
mirror.  A  Raytheon  Au:Ge  Infrared  detector  was  used  to 

measure  the  energy/pul se .  Pulse  shapes  were  observed  on  a 
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Tektronix  555  Oscilloscope.  A  Princeton  Applied  Research 
Model  160  Boxcar  Integrator  with  a  50  us  gate,  100  ms  time 
base,  and  .3  ms  time  constant,  was  used  to  average  the  energy/ 
pulse.  The  integrated  output  was  displayed  on  a  Fluke  8100A 
digital  voltmeter.  It  Is  this  averaged  power  that  was 
measured  as  repetition  rate,  pressure,  voltage,  and  mixture 
were  varied. 

Beam  quality  and  divergence  were  investigated  using  the 
sane  set-up  with  the  detector  on  a  two  degree  of  freedom  {  X  Y  ) 
translating  mount.  The  detector  was  moved  axially  (Z)  along 
the  HF  beam  on  a  90  cm  optical  rail.  The  coordinate  axes 
are  shown  in  figure  28. 


An  absolute  value  for  average  energy/pulse  was  obatined 
with  a  Scientech  Model  3601  Laser  Power  Meter  thermal  type 
energy  detector  with  a  sensitivity  of  84.5  mV/W. 

Single  line  operation  was  established  with  the  300  ar/mm 
grating  replacing  the  copper  mirror.  A  Lumonics  Spex  Mini-Mate 
monochromator  with  a  3  pm  blaze,  300  qr/ntm  grating  and  2.5  mm 
slits  was  used  to  choose  the  HF  P ,,((;)  transition.  The 


00 


monochroma  to r  was  calibrated  by  observing  the  location  of 


the  zc  teeth  through  fifth  orders  of  HeNe  transmission.  Rased 
on  \‘7JV^' J l-MTlj  the  observed  Hello  order  separation  of 
.  5775  tint,  and  the  observed  zero  order  HeNe  setting  of  -.008  pm, 
the  relation  between  scale  reading  and  actual  wavelength  is 

\cilAL09:je(XscALE-  008l-irn)  (156) 

Three  HF  lines  were  observed  at  \^Qy/cj  2.851  ,  2,8074, 
and  2.7702  ton.  These  lines  were  identified  os  the  8^(0) ,  P_(5), 
and  l’n(4)  transitions  based  on  the  comparisons  of  known  wavelength 
of  the  transitions,  the  separation  between  these  wavelengths, 
and  the  observed  transitions  in  the  Raytheon  study  [3:13,46]. 

This  information  is  summarized  in  Table  II. 


Table  II. 

HF  Line  Identification 
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Optical  Ft im ping 

After  character  i zing  the  IIF  laser  and  choosing  the  0^(6) 
transition,  the  HF  beam  was  used  to  pump  the  CO^  cms. 

The  results  of  the  beam  divergence  measurements  indicate 
the  need  for  reducing  the  HF  beam  spot  size.  Orioinally, 
a  telescope  was  used  to  couple  the  HF  beam  into  the  CO^  cell 
with  4  mm  diameter  used  by  Raytheon  in  their  study.  Kith 
the  optics  available,  this  method  did  not  reduce  the  HF  beam 
size  sufficiently. 

To  solve  this  problem,  a  1  cm  diameter  CO^cell  was 
designed  and  constructed  as  shown  in  figure  29.  The  HF  beam  was 


Figure  29 

Redesigned  CO2  Cell 

focused  at  the  center  of  this  cell  with  a  one  inch  diameter 

CaF2  lens.  The  two  requirements  of  a  small  spot  size  and  a 
commotion  length  of  40  cm  led  to  the  selection  of  a 
250  mm  focal  length.  (See  Appendix  D  for  the  theoretical 
analysis  used  to  make  this  selection.)  This  theoretical  analysis 
predicted  the  250  mm  focal  lenoth  lens  would  provide  a 
spot  size  of  less  than  3.5  mm  over  a  length  o-f  40  cm  at 
a  distance  of  14  -54  cm  from  the  lens.  Experimentally  * 
a  spot  size  of  less  than  6  mm  was  observed  over  this  40 


02 


cm  range. 


To  fill  the  CO^  cells  and  control  pressure  of  the  ^  ^ ^ 
gas ,  a  pump  system  was  designed  (see  figure  30).  The  two 
pyrex  cells  are  connected  to  1/4"  piping  by  a  flexible 
bellows.  The  1^2  fs  stored  in  a  1  liter  cylinder  that 
can  be  cooled  in  a  liquid  nitrogen  bath.  The  cells  can 
be  evacuated  to  about  1  torr  with  a  DuoSeal  Model  R1406 
vacuum  pump.  To  reduce  the  pressure  to  100  pm,  a  Varian 
Vac  Sorb  molecular  sieve  is  coiled  in  a  liquid  nitrooen  bath. 

An  adaptor  was  designed  ar*(  built  from  a  non-rotatinq  mi  ni -fl  anqe 
flat  to  connect  the  1/4"  piping  to  the  molecular  sieve. 

Power- Frequency  Experiment 

The  optical  set-up  for  the  C0j>  power  as  a  function  of 

HF  frequency  experiment  is  illustrated  in  figure  31.  The 

propogation  of  the  HF,  CO^  and  HeNe  alignment  beams  are  shown. 

The  main  C02  cell  is  pumped  b*  the  HF  laser  dl'rect1v-' 

The  incident  HF  beam  is  split  and  detected  by  a  H£0dTe  detector, 

D2.  The  transmitted  HF  beam  is  observed  at  the  Raytheon 

Au:Ge  detector,  D4.  The  monochromator  is  used  to  determine 

the  HF  lasing  transition  and  to  filter  out  the  C0£  beam. 

The  incident  HF  beam  also  travels  through  a  second  CO^  cell. 

HF  intensity  is  sufficiently  low  here  that  no  lasino  action 
is  obtained  and  the  absorbed  HF  beam  is  detected  at  a  Santa 
Barbara  Au: Ge  detector,  D1 .  There  is  a  2.8  pm  filter  in  this 
leg  of  the  optical  path  to  remove  the  CO^ 

The  CC>2  cell  lases  and  a  forward  and  backward  pulse  is 
observed  at  03  and  05  (InSb)  detectors.  A  4.3  pm  filter 
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is  used  to  eliminate  the  HF  beam  at  D5.  The  second  Luinonics 
monochromator  is  used  to  measure  the  CO2  wavelength  and  select 
either  the  R(8)  or  P ( 1 0 )  101  -100  transition.  This  monochrometer 
has  a  150  gr/mm,  6  Urn  blaze  grating  and  1.25  mm  slits. 

The  CM{  lens  is  used  to  focus  the  HF  beam 

into  the  CO2  cell,  as  described  earlier.  A  CaF2 
lens  focuses  the  HF  Incident  beam  on  D2. 

Finally,  a  HeNe,  Spectra  Physics  Model  142  laser  is 
used  for  alignment.  After  the  absorption  cell  leg  of  the 
optical  path  was  aligned,  the  HeNe  laser  was  located  as  shown 
to  align  the  main  CO^  cell  and  the  monochrometers . 

This  set-up  provided  the  necessary  data  for  comparing 
the  C02  power  to  HF  freuqency.  The  amount  of  HF  absorption 
was  obtained  by  comparing  intensities  of  incident  (D2)  and 
transmitted  (D4)  HF  pulses.  CO 2  forward  and  backward  pulses 
were  observed  at  03  and  05.  Finally,  the  HF  frequency  was 
measured  by  observing  the  HF  absorption  through  the  second 

cell.  The  absorption  should  vary  with  frequency  accoding 
to  a  doppler  broadened  lineshape.  From  this  variation  in 
absorption,  the  variation  in  frequency  was  measured. 

The  transmittance  for  each  of  the  optical  elements 
was  measured  with  a  Wilks  Miran  I  Variable  Filter  IR  Analyzer 
with  a  Wilks  Preamplifier.  The  three  CaF2  beam  splitters 
transmitted  90%  at  4.3  microns  and  95%  at  2.8  microns  at 
46  0  incidence.  The  Raytheon  90-90574  2.8  micron  filter 
transmitted  8%  at  4.3  microns  and  90%  at  2.8  microns  at 
normal  incidence.  The  4.3  micron  filter  is  a  flat  gold 
and  copper  Laser  Optics  3.6  -  8  micron  filter  and  transmits 


less  than  .5%  at  2.8  microns  and  95%  at  4.3  microns  at  normal 


incidence.  During  alignment,  the  CaF2  ,  F~  25  CM  ,  lens 
transmittance  was  measured  as  94%  by  detecting  power  with 
the  thermal  detector  before  and  after  the  lens. 

Each  of  the  detected  signals  are  amplified,  displayed 
on  an  oscilloscope,  averaged  by  a  boxcar  integrator,  and  recorded 
on  an  XY  or  strip  chart  recorder.  The  electrical  wiring 
diagram  for  the  entire  experimental  set-up  is  shown  in  figure  32. 

The  integrators  are  Princeton  Applied  Research  CW-1  and 
160  boxcar  integrators.  The  gate  widths  were  “ho sen  to  match 
the  widths  of  the  detected  pulses.  The  faster  PAR  160 
integrators  were  used  with  the  faster  detectors  (D2,  D5 ) . 

Time  constants  were  chosen  to  reduce  noise  as  plotted 

on  the  recorders.  The  settings  for  each  integrator  are  listed 

in  table  III. 


Table  III 

Boxcar  Time  Settings 


I nteqra tor 

Model 

Gate  Width 

Time  Base 

T  i  me 

Constant 

12 

PAR  160 

500 

ns 

20  us 

.3 

ms 

13 

PAR  160 

1  .6 

us 

2  ps 

1 

ms 

14 

CW-1 

10 

ps 

50  p  s 

.3 

ms 

15 

CW-1 

10 

ps 

1  ms 

3 

ms 

HF  absorption  was  measured  as  the  auxiliary  cell  was 
filled  with^C^Og  at  pressures  from  0-7  torr.  Integrated 
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power  from  detectors  D1  and  D2  were  recorded  on  the  HP 
7046  XY  recorder.  Immediately  after  changing  the  pressure, 
the  HF  beam  was  blocked  to  mark  the  pressure  reading. 

The  main  CO2  cell  was  then  slowly  filled  with^C^O  . 

COg  lasing  was  observed  at  7  torr.  HF  and  CO2  pulse  shapes 
dectected  at  D1  ,  02,  04,  and  D5  were  photographed  from 
oscilliscope  traces.  Dectectors  02  and  04  were  sufficiently 
fast  to  resolve  20-200  nsec  pulse  shapes. 

From  the  oscilloscope  traces,  it  was  observed  that  CO,, 
lasing  was  erratic.  A  CO2  pulse  was  observed  for  every 
3-5  HF  pulses.  The  IIF  pulses  varied  considerably  in  magnitude 
from  pulse  to  pulse  and  CO2  lasing  was  achieved  only  on  the  stronqer 
HF  pulses.  The  pul se-to-pul se  variation  in  HF  power  was 
measured  by  displaying  multiple  pulses  from  detector  D2  on 
oscilliscope  channel  1. 

HF  absorption  was  measured  as  the  PZ  crystal  voltage 
was  swept  from  0  to  -  1.3  kV  in  44  sec.  No  correlation 
between  power  and  PZ  crystal  voltage  was  observed,  indicating 
a  frequency  instability  in  the  HF  laser  pulse  on  a  time  scale 
small  compared  to  the  integration  period  of  1  ms. 

The  nature  of  the  power  and  frequency  Instability  was 
investigated  and  its  dependence  on  repetition  rate,  discharge 
voltage,  and  pressure  recorded. 

The  data  and  results  of  these  experiments  are  presented 
in  the  following  section.  Conclusions  and  recommendations 
will  be  made  after  considering  these  results. 
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Resul ts  and  Cone  1  us i ons 


The  results  of  the  experiments  described  in  the  previous 
section  are  now  presented  and  compared  to  the  theory  established 
in  the  first  section  and  to  prior  experimental  studies. 
Conclusions  concerning  the  system  and  its  operation  *re  drawn. 
Finally,  a  summary  of  the  investigation,  results,  and 
conclusions  is  presented.  The  HF  laser  characterization,  the 
pulse  shape  and  kinetic  model,  and  the  optically  pumped 
CO^  laser  will  be  discussed  individually. 

HF  Laser  C ha racteri z a t i o n 

The  experiments  characterizing  the  HF  pump  laser  studied 
the  dependence  of  HF  power  on  the  SF^rii^  mixture,  total  cavity 
pressure,  discharge  voltage,  repetition  rate,  and  aperture 
size,  and  analyzed  beam  quality  and  beam  divergence.  Power 
and  frequency  stability  are  discussed  in  the  section  on  the 
optically  pumped  laser. 

Figure  33  illustrates  the  dependence  of  HF  power  on  the 
SFg  flow  rate,  for  a  fixed  H£  flow  rate  of  1.4  1/min.  There 
Is  a  slight  decrease  In  power  at  lower  SFg  flow  rates, 
indicating  the  reduction  in  atomic  fluorine  concentration 
and  the  resultant  decrease  in  vibrati onal ly  excited  HF 
concentration.  Results  from  the  Raytheon  investigation  are 
also  shown  in  figure  33.  These  results  indicate  a  reduction 
in  HF  power  above  80 %  SFg,  where  hydrogen  becomes  the  limiting 
specie  in  the  cold  reaction  (21).  Throughout  this  investigation, 
a  70%  SFr  mixture  was  used. 


HF  Multiline  Energy  versus  S[?6/SF6+H2  Mixture 

Figure  34  depicts  tlie  HF  output  power  -  total  cavity 

pressure  relationship.  At  11.2  kV  discharge  voltage,  97  pulses/ 

sec  repetition  rate,  and  79%  SF-,  no  variation  in  power  with 

o 

pressure  was  observed  over  a  30  torr  range.  No  study  of  this 
relationship  was  undertaken  by  Raytheon.  Throughout  this 
study,  a  total  pressure  of  70  -  90  torr  was  maintained. 

Figure  35  illustrates  tiie  dependence  of  HF  power  on 
discharge  voltage  as  observed  in  this  experimental  study  at 
100  pulses/sec  and  in  the  Raytheon  study  at  4000  pulses/sec. 

The  peak  in  this  curve  depends  on  repetition  rate  and  moves 
to  higher  voltages  at  lower  repetition  rates  [3:42-43].  The 
peak  occurs  at  12  kV  at  4000  pps ,  but  no  peak  is  observed 
at  100  pps.  The  100  pps  curve  is  very  flat  from  iO  -  16  kV 
and  the  peak  likely  occurs  above  the  16  kV  recommended 
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voltage  limit.  11  -  12  kV  was  chosen  as  the  operating  point 
for  the  current  experiments. 

The  input  power  is  v/r?  .where  V  is  the  discharge 
voltage  and  fi  is  the  resistance  of  the  gases  between  the 
cathode  and  anode.  A  larger  discharge  voltage  provides  a 
greater  input  power  and  current  to  dissociate  SF^.  Larger 
powers  result.  A  larger  discharge  voltage  also  yields  a 
greater  average  electron  energy  (see  equation  (28)).  The 
reaction  rates  for  electron  attachment  to  SF^  decrease  as 
electron  energy  increases  (see  Appendix  A).  The  associated 
reduction  in  flourine  reduces  HF  output  power.  These  two 
effects  are  competir 

At  high  repetition  rrtes,  the  discharge  circuitry  can 
become  power  limited.  In  this  case,  current  will  be  fixed 
and  only  the  electron  energy  effect  will  be  important.  As 
repetition  rate  increases,  current  limiting  occurs  sooner  and 
the  peak  shifts  to  lower  voltages. 

There  is  a  voltage  below  which  no  discharge  occurs. 

Since  electron  attachment  increases  with  decreasing  voltage, 
it  is  not  ionization  that  limits  the  discharge,  but  rather 
the  discharge  circuit  itself.  At  low'  voltages,  the  current 
reduction  rnayi  reduce  the  population  inversion  below  threshold 
conditions.  A  determination  of  which  effect  is  dominant  was 
not  completed. 

The  energy  per  pulse  and  average  power  versus  repetition 
rate  are  presented  in  figures  3  6  and  T  7 .  The  average  energy 
per  pulse  decreases  linearly  in  the  range  0  -600  pps,  and  has 
a  long  shallow  tail  to  1000  , pps.  High  repetition  rates 
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HF  Energy  versus  Repetition  Rate 


HF  Average  power  versus  Repetition  Rate 


were  not  studied,  due  to  the  riiodi  f  i  rati  ons  for  flow  rate  and 
limited  gas  supply. 

Discharge  voltage  drops  with  increased  repetition  rate  for 
a  fixed  DC  supply  because  of  increased  loading.  A  constant 
11.2  kV  was  maintained  throughout  this  repetition  rate  study, 
however. 

Average  power  is  related  to  the  energy  per  pulse  by  the 
repetition  rate ,  r  , 

PAVE^PutSEXr  (157) 

Average  power  is  plotted  against  repetition  rate  in  fiqure  37. 
The  results  from  the  Raytheon  study  of  power  versus  repetition 
rate  indicate  a  much  wider  curve;  over  a  10,000  pps  range  with 
a  peak  at  3000  pps.  These  results  appear  to  be  obtained  by 
maximizing  power  with  respect  to  discharge  voltage,  pressure, 
mixture,  arid  flow  rate  at  each  repetition  rate. 

Average  power  increases  initially  to  300  pps,  simply 
due  to  the  increased  number  of  pulses  per  second.  The 
average  power  falls  above  300  pps  largely  due  to  increased 
contaminants  (fi^O,  H^S)  in  the  flow.  Also,  the  chemical 
scrubber  is  less  efficient  at  higher  repetition  rates  [3:43]. 

The  increased  power  input  will  also  increase  the  gas  temperature 
and  decrease  output  power.  The  fixed  flow  rate  will  affect 
power  only  if  an  incomplete  exchange  of  gases  in  the  electrode 
volume  occurs  between  pulses.  This  is  not  the  case  at  these 
low  repetition  rates. 

Three  HR  vi bra t i onal -ro ta t i ona 1  transitions  were  observed 
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to  1  asc ;  the  P2(6),  P2(5),  and  P2^  transitions  (see  page  81 
and  tabic  II).  The  results  already  presented  include  all  of 
these  transitions.  The  total  multiline  energy  per  pulse 
observed  was  156  PJ. 

The  P  ^  ( 6 )  transition  was  studio!  by  itself.  88jjJ  was 
measured  as  the  average  energy  per  pulse.  With  a  .221" 
diameter  aperture,  the  measured  average  energy  per  pulse 
was  37.5  pJ.  TEH  00  operation  was  achieved  with  this 
.221"  aperture.  A  plot  of  energy/pulse  versus  aperture 
size  in  shown  in  figure  38. 

UoV=  !  toU-0  transi  ti  ons  were  observed.  Raytheon  observed 
no  Pj(J)  transitions  above  2000  pps,  due  to  the  decreased 
efficiency  of  the  chemical  scrubber  [3:43],  It  is  likely 
that  the  chemical  scrubber's  performance  has  been  degraded 
to  the  point  that  it  will  not  remove  sufficient  ground  state 
HF  to  establish  a  population  inversion  between  the  V--!  and 
X)  ~  O  levels  even  at  100  pps. 


Figure  38. 

Energy/Pulse  vs  Aperture  Diameter 
9G 


The  spatial  distribution  of  power  within  the  HF  beam 
was  investigated  for  three  cases:  (1)  multiline  operation, 

(2)  single  PgCG)  line,  TFH  00  mode  operation,  and  (3)  with 
external  focusing  optics  for  the  P2(6)  TEH  00  case.  No 
similar  investigation  was  reported  by  Raytheon. 

Figures  39  -  44  present  representati ve  spot  shapes  for 
the  three  cases.  From  the  full  set  of  spot  size  measurements 
as  a  function  of  axial  distance,  beam  divergence  was  calculated 
and  thh  spot  sizes  versus  axial  position  are  shown  in  figures 
45  -  46.  A  time  resolved  study  of  the  pulse  shapes  was  not 
conducted. 

The  multiline  HF  beam  profile  is  certainly  non-Gaus s i an . 
This  is  not  merely  a  result  of  higher  order  transverse  modes. 
Spatial  i nhomogenei ti es  in  the  lasing  medium  also  contribute 
to  the  features  of  the  beam  profile.  The  uniformity  of  the 
discharge  is  important  as  well. 

Turbulence  within  the  gas  flow  and  local  nonuni formi ti es 
in  the  concentrations  of  reactants  and  contaminants  will  affect 
the  local  gain.  Purely  random  fluctuations  will  not  persist 
and  therefore  v/ill  not  be  evident  in  the  measured  profiles, 
however. 

Several  persistent  features  in  the  profiles  are  observed. 
The  multiline  profiles  exhibit  a  "flat  top"  across  about  one- 
half  of  the  FWHM  in  the  vertical  direction.  This  is  a  result 
of  aperturing  by  the  cathode  -  anode  structure.  In  the 
horizontal  direction,  the  profiles  exhibit  a  long  tail  in  the 
up-flow  direction.  This  is  likely  a  result  of  a  nonuniform 
electric  discharge. 
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The  single  P 2 ( ^ )  transition  with  the  .221"  diameter 
aperture  corresponds  very  nearly  to  a  gaussian  profile, 
indicating  the  TLM  00  mode. 

The  focused  (^(G)  beam  has  several  peaks  in  its  spatial 
energy  distribution.  This  poor  beam  quality  is  probably 
due  to  imperfect  Tensing. 

The  full  set  of  beam  profiles  at  various  axial  locations 
were  used  to  establish  the  beam  divergence.  The  spot  size 
was  taken  as  the  half-width  at  the  1/e  power  point  of  each 
profile. 


The  far  field  condition  is 

?. 

Z>>  ~.CJ°  / ,3  METERS 

A 


(158) 


where  A/^is  the  beam  waist,  /  0%,.,[3:48].  None  of  the 
beam  profiles  were  measured  in  the  far  field.  In  the  near 
field,  the  spot  size  as  a  function  of  axial  distance,  2r  ,  is 


where 60o is  the  beam  waist  [34],  Then, 
=  (a)0  Zjt 
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Then 
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where  Q  1/4  is  the  far  field  beam  divergence 


The  plots  in  figures  55  and  56  are  based  on  this  new 
variable  L~  ,  to  find  the  far  field  beam  divergence  from 
the  near  field  measurements.  The  resulting  beam  divergences 
are  summarized  in  table  IV. 


Table  IV. 
Beam  Divergence 


f  C  a  c  o 

fnra  H ) 

Y 

.  .  A  1  . . . - 

Multi  1 1 ne 

X 

4  .  Ft 

Y 

9.1 

P?(6) 

TEH  00 

X 

9.1 

Raytheon  gives  a  value  of  14  777  ,  based  on  a 

theoretical  calculation  and  the  cavity  design  [3:49]. 


Pulse  Shapes 

The  power  pulse  shapes  for  HF  and  C02  are  illustrated 
in  figures  47-43.  The  data  is  taken  from  photographs  of 
oscilloscope  traces  and  the  calibration  from  voltage  to 
power,  60  li/Volt,  is  based  on  the  total  area  under  the 
power  curve  , 


equal  to  the  average  energy  per  pulse  of  37.5  ud. 

For  the  (IF  pulse,  the  full-width  at  half-maximum  is 
106  ns,  total  energy,  37.5  yd,  and  peak  power  .46  kli.  For 
the  COj,  pulse,  the  FWUH  is  26  ns.  No  total  energy  calibration 
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for  the  CO,,  curve  was  possible  because  the  thermal  energy 
detector  was  insufficiently  sensitive  to  measure  the  lower 
power  CO2  signal.  In  contrast,  Raytheon  observed  a  90  ns 
CO^  pulse  for  a  100  us,  1.8  mJ  HF  pump  pulse. 

The  reduced  CO^  pulse  width  observed  in  this  study 
is  a  result  of  reduced  intensity  of  the  HF  pump  pulse. 
Threshold  lasing  conditions  for  the  C0^  gas  are  reached 
only  at  the  peak  of  the  most  intense  HF  pulses.  The  time 
interval  over  which  threshold  pumping  is  achieved  is  reduced 
to  s  small  interval  across  the  top  of  the  HF  pulse. 

This  conclusion  is  supported  by  several  observations. 
The  pul se- to-pul se  variation  in  HF  power  is  as  large  as  a 
factor  of  six.  C0^  lasing  was  observed  for  one  out  of  3-5 
HF  pulses.  The  pulse  shapes  of  figures  47  and  48  suggest 
a  reasonable  value  for  threshold  pumping  of  300  W/cm  . 

Figure  49  compares  the  pulse  shape  predicted  by 
the  kinetic  theory  of  figure  3  and  the  observed  HF  pulse 
normalized  to  a  1.5  tad  total  energy.  The  zero  of  the  time 
scale  for  the  actual  HF  pulse  is  taken  at  140nscc,  to  align 
the  peaks  of  the  tv.!o  pulses.  No  measurement  of  the  delay 
between  electric  discharge  initiation  and  pulse  initiation 
or  of  delays  in  the  wiring  or  equipment  were  made. 

The  FVJIIM  of  the  two  curves  agree  very  closely.  The  two 
curves  diverge  slightly  at  1 ou  power.  No  consideration 
of  losses  or  threshold  pumping  was  included  in  the  kinetic 
model  and  this  probably  accounts  for  the  divergence  at 
lower  powers. 
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The  (IK  pulse  w as  normalized  to  1.5  mJ  total  energy 
which  i s  a  factor  of  forty  greater  than  observed  in  the 
current  study.  The  difference  in  magnitude  is  a  result  of 
a  number  of  factors,  first,  no  losses  were  included  in  the 
theoretical  model.  Aperturing,  scattering,  and  aliynmegt 
losses  were  not  considered.  Certainly  the  aperture  installed 
in  the  cavity  to  force  the  bean  to  the  TEH  00  mode  reduces 
the  output  power.  Without  the  aperture  ,  an  energy  of  82  vj 
was  measured.  Secondly,  the  model  neglected  the  formation 
of  li^S  and  other  contaminants  in  the  flow.  H^s  is  particultry 
efficient  at  depopulating  excited  HF  molecules.  Tin's  cause 
of  reduced  power  may  indeed  be  significant.  Raytheon  obtained 
an  1.8  mJ  P2(6)  pulse  energy  with  clean  chemical  scrubbers. 


Q  P  f  i 


1  Pump  iji  o_ 


The  absorption  of  the  HF  P2(6)  laser  transition  by  the 
^2C^s02  molecules  as  observed  experimentally  ( & ) ,  predicted 
theoretically  (0  ),  and  as  observe-'  Raytheon  {  O)  are 

presented  in  figure  5 0.  The  absorption  coefficient  is 
related  to  incident  and  transmitted  power  by 


,y Jr  --MANS 

L  t INC 


(165) 


The  three  curves  have  significantly  different  slopes 
arid  illustrate  the  effect  of  saturation.  The  HF  intensity 
in  the  Raytheon  experiment  was  10^  larger  than  in  this 
study.  The  000  -  101  transition  is  saturated  at  this  higher 
intensity  (see  page  53).  In  the  saturated  case,  a  significant 
number  of  CO,,  molecules  are  pumped  to  the  101  level,  reducing 
the  total  number  of  absorbers  that  the  remainder  of  the  IIF 
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:ient,  CC  ,  (1/cr) 


pulse  observes.  This  reduces  the  total  absorption  of  the  HF 
bean.  Therefore,  the  Raytheon  curve  should  lie  below  the 
results  from  this  study. 

The  same  reasoning  explains  why  the  theory  curve  is 
substantially  above  both  of  the  experinental  curves.  The 
theory  assumed  no  population  of  the  upper  level ,  (,  . 

4> 

That  is,  the  result  holds  for  a  negligibly  intense  probe 
beam.  Note  that  the  slope  of  the  theoretical  curve  is 
sensitive  to  the  value  of  the  Einstein  coefficient  for  the  100  - 
000  transition  (eq.  11?-).  The  second  value  for  /o/  '.'fj  [293 

is  22  times  larger  than  the  value  given  by  refernce  [62]  and 
used  on  page  38.  There  is  a  substantial  uncertainty  in  the 
value  of  this  coefficient. 

Ins  tab i 1 i ty 

Throughout  this  investigation,  problems  with  power 
fluctuation  were  encountered.  This  was  most  pronounced  in 
the  CO2  absorption  of  the  HF  beam.  The  instability  was  also 
observed  in  oscilloscope  traces.  An  example  trace  is  shown 
in  figure  5 l . 


1 1 
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Figure  5] . 


HF  Power  Instability 

lOg 
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The  I1F  power  varies  on  a  pul se-to-pul se  basis  by  as  much  as 
a  factor  of  six.  This  variation  is  partially  explained  by 
a  no.um i f orm  SP^/H^  gas  flow  with  contaminants  and  by  varying 
electric  discharge  quality. 

There  exists  an  instability  in  MF  frequency  as  well. 

This  is  most  readily  noted  by  observing  the  fluctuation  in 
%  absorption  of  the  MF  beam  in  the  CO^  cell  with  all 
variables  held  constant.  The  problems  of  power  instability 
are  removed  by  looking  at  the  ratio  of  transmitted  to  incident 
power.  This  plot  of  transmitted  to  incident  power  as  a 
function  of  time  is  shewn  in  figure  f>2 .  A  plot  for  a  slow 
sweep  of  the  PZ  crystal  voltage  is  also  presented.  The  only 
explanation  for  the  variations  observed  in  these  plots  is 
a  substantial  frequency  instability.  Note  that  no  correlation 
between  frequency  and  PZ  crystal  voltage  is  observable, 
indicating  that  the  frequency  stability  compl etely  obscures 
the  frequency  changes  caused  by  the  PZ  crystal. 

The  variation  in  the  magnitude  of  the  power  instability 
as  a  function  of  repetition  rate,  discharge  voltage,  and 
pressure  was  studies  and  the  results  are  presented  in  figures 
53  -55.  The  best  operating  point  is  20  pps,  14  kV,  and  88 
torr.  Operating  at  12  kV  and  80  torr  is  nearly  as  good,  but 
a  lOOpps  repetition  rate  is  a  little  high.  Even  at  the 
optimum  operating  point,  the  signal  to  noise  ratio  is 

~fr~  2  OR  3  (166) 

The  frequency  instability  is  a  severe  problem.  With  no 
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No  PZ  Voltage  Scan 


tector  Voltage 


Cone!  us i_o n_s_  an d  _P pen nuiicnd a t i o n s 

A  complete  study  of  the  MK- pumped  CO^  laser  develoncd 
by  the  Raytheon  C o j  oration  has  been  completed.  Background 
theory  for  the  design  and  performance  of  the  laser  system 
has  been  presented  and  applied.  The  HF  laser's  performance 
was  experimentally  characterized  and  output  power  maximized 
with  respect  to  repetition  rote,  discharge  voltaqe,  pressure, 
gas  mixture,  and  stability.  -Optical  pumping  of  the  101  level 
of  ^  j  by  the  HF  P  )  transition  established  lasir.q 
action  to  the  100  CO ^  level.  The  optical  pumping  was  studied 
through  an  absorption  experiment.  Ho  measurement  of  CO 
output  power  as  a  function  of  HF  frequency  was  made,  due  to 
a  large  HF  frequency  instability.  Di  scu-ppencits  between 
thoery  and  experiment  on  this  frequency  dependence  was  explained 
however.  Pulse  shapes  were  observed  and  shown  to  agree  with 
the  kinetic  model  developed  in  this  study. 

The  HF  laser  was  modified  to  conduct  these  investigations. 
The  gas  flow  rate  was  controlled  to  reduce  SFg  consumption. 

The  optical  cavity  waS  modified  to  accomodate  an  aperture 
and  piezoelectric  crystal  for  control  of  the  cavity  lenath. 

The  trigger  and  discharge  circuitry  were  repaired  and  modified. 
Reliability  of  the  laser  was  addressed  in  the  main  text, 
including  discussions  n f  the  discharge  circuit  and  gas 
recirculation  and  scrubbing. 

In  this  modified  form,  the  laser's  performance  was  maximized 
for  power  at  79X  SFg/21X  H-,  ,  08  torr  total  pressure, a  12  kV 
discharge  voltage,  and  a  300  pps  repetition  rate.  Stability 
in  HF  power  was  enhanced  by  reducinq  the-  repetition  rate  to 
20  -  60  pulses/sec.  Only  7  1/inln  flow  rates  were  used.  A 
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total  multiline  energy  per  pulse  of  156  |iJ  was  achieved  vn'th 
lasing  on  the  P^(4),  P^(5),  and  P ^ ( 6 )  transitions.  An  88  vj 
P^(b)  single  line  energy  was  achieved  and  TFM  00  operation 
of  the  P^(6)  transition  achieved  with  an  aperture  of  .221" 
di amete  r. 

A  beam  divergence  of  5-8  mrad  multiline  and  9mrad  for 
the  P^(6)  transition  was  measured.  Beam  quality  is  rather 
poor,  exhibiting  the  effects  of  aperturing,  inhomogeneous 
gas  flow  and  a  nonuniform  electric  discharge. 

A  pulse- to  pulse  variation  in  power  of  a  factor  of  six 
was  the  best  power  stability  achieved.  Frequency  stability 
is  worse  than  200  MHz  over  a  millisecond  time  interval. 

Optical  pumping  of  l^cl^o^  by  the  HF  P^O)  transition 
produced  CO^  lasinq  from  the  ( 1 0 0 1 ) jj-  level  to  the  (10°0l_x 
level.  Pumping  was  near  threshold  conditions,  and  as  a  result, 

C0^  lasing  was  erratic,  low  intensity,  and  exhibited  a 
shortened  pulse  width  of  26  ns.  No  investigation  of  the 
effect  of  HF  frequency  on  C0^  power  was  possible,  due  to 
the  large  HF  frequency  instability. 

The  optical  pumping  was  studied  through  an  absorption 
experiment.  The  absorption  coefficient  was  shown  to  vary 
linearly  with  pressure  over  the  0  -7  torr  pressure  ranae, 
as  predicted  by  the  presented  theory.  The  magnitude  of  the 
absorption  is  less  than  predicted  due  to  saturation. 

HF  and  CO^  pulse  shapes  were  observed  with  FWHM  of 
106  ns  and  26  ns,  respectively.  The  HF  pulse  width  aorees 
well  with  the  kinetic  model  presented.  This  model  was 
based  on  the  HF  cold  reaction  and  electron  attachment  to 
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SF  g  to  produce  atomic  flourino. 

Th rough out  this  study,  results  were  compared  with  the 
experimental  data  obtained  by  Raytheon,  usinq  the  same  HF 
laser  and  basic  set-up.  The  issue  of  CO^  power  dependino 
on  HF  frequency  was  addressed  and  the  apparent  contradiction 
between  theory  and  prior  experimental  results  explained. 

Raytheon  observed  no  significant  variation  in  CO^ 
power  with  changes  in  HF  frequency  over  a  300  MHz  ranqe. 

A  number  of  factors  explain  this  observation.  First,  and 
foremost,  the  I !F  laser’s  frequency  is  unstable  arid  the  random 
fluctuation  in  frequency  completely  obscurs  the  effect  of 
a  piezoelectric  crystal.  The  frequency  varies  qreatly  during 
the  period  of  observation  and  no  meaningful  power  observations 
are  possible  without  actively  stabilizing  the  HF  cavity. 
Secondly,  under  the  conditions  of  the  Raytheon  study,  the 
C02  transition  is  saturated  as  suggested  by  the  authors  of 
the  Raytheon  report.  Calculations  presented  in  the  theory 

section  support  this  claim  of  saturation.  Finally,  the  CO^ 
cell  was  not  pumped  uniformly  in  the  Raytheon  study  ,  the 

beam  was  not  Gaussian,  and  several  axial  modes  wore  present 

in  the  HF  pump  beam. 

Several  recommendations  may  bo  made  based  on  these 
results  and  conclusions. 

The  HF  laser's  performance  could  be  enhanced  by  reducino 
contaminants  in  the  SFg/l^  pas  flow.  A  dosion  modification 
to  allow  frequent  cleaning  of  the  chemical  scrubbers  would 
be  a  great  advantage.  Reducing  the  concentration  of 
contaminants,  particularly  HjS  would  enhance  power  and  power 
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stability. 

To  Investigate-  the  dependence  of  CO^  power  on  IF 
frequency,  an  active  Method  of  stabilizing  the  fir  cavitv 
is  proposed.  In  this  way  the  frequency  instability  problem 
could  be  overcome  and  the  HF  frequency  easily  controlled. 

A  direct  investigation  of  the  low  siqnal  gain  of  the 

optically  pumped  CC'2  system  should  be  undertaken  to  validate 

the  optical  pumping  theory  presented  on  paqes  <13-47. 

Studying  the  ratio  of  forward  to  backward  CO^  powers  may  also 
provide  insight  into  the  nature  of  the  optical  pumping. 

Con  cl  ns i on 

An-  optically  pumped  molecular  laser  was  oocrated  and 
characterized.  The  I! F  pump  laser's  performance  was  documented 
and  the  kinetics  of  the  elctric  discharge  analyad.  The 
optical  pumping  scheme  was  studied  by  absorption  meas urements . 
The  apparent  contradiction  between  theory  and  experiment 
on  the  dependence  of  C02  power  on  HF  frequency  was  resolved, 
but  the  freguency-power  dependence  was  not  experimentally 
established. 
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Appendix  A 

Rate  Constants  for  the 
SFg+llo/ fl  ec  t  r  i  c  Discharge  Laser 

Table  V  lists  the  reaction  rate  constants  and  characteristic 
times  for  the  major  reactions  in  the  SFg  +  H^,,  electric 
discharge  laser  of  this  investigation.  The  characteri  s ti  c 
time  for  bimol ocular  reactions  is  given  by 


and  for  three-body  recombination  as. 


These  are  the  same  cha rac tc r i s t 1 c  times  developed  for  the 
HF  cold  reaction  (bimolecular)  and  the  fluorine  recombination 
( triiaol  ecul  ar)  reaction  in  equations  (59)  and  (55),  respectively. 

Alt  rates  and  characteristic  tir.es  will  be  evaluated  at: 

T - 300°K 
Tp-  25,500  °K 

[sf6)=4«  id6  mol  ne  =  4  x  i0 "  MQ-m. 

[w,]=,*/66  MouyCMo  cu^ 

All  energies  are  in  kCal/molc,  temperature  in  0 K ,  concentrations 
in  moles/cubic  cm,  and  rate  constants  in  units  of  cubic  cm/ 
mole  sec,  unless  otherwise  noted.  The  first  rate  coefficient 
listed  for  each  reaction  is  the  one  used  in  the  kinetic 
model  and  the  calculation  of  HF  power  pulse  shape,  as  given 
in  Appendix  B. 
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Table  V 

/  Electric  Discharge  Rate  Constants 
(Ccnti nued) 


Table  V 

/  Electric  Discharge  Rate  Constants 
(Continued) 


Table  V 

Electric  Discharge  Rate  Constants 
(Continued) 


Electric  Discharge  Rate  Constants 
(Continued) 


Table  V 

SFr  +  Ho  /  Electric  Discharge  Rate  Constants 


Append  i  x  _B 

Humeri cj  I  Solution  c-f 
the  Ilf  Laser  Kinetic  Model  Equations 


The  set  of  differential  equations  modeling  the  SFg  +  H 2  in 
the  electric  discharge  arc  as  presented  on  page  26: 

j:,A 

—  -u'.i.A'j.i'.iy.LK  \  n  _ir,  . 

6J 


tit  6'^ 

[/ 


"0 


tit 

aW 

dt 

alfl 

d  t 


I/O.  I 


(75) 

(76) 

(77) 

(78) 

(79) 

(80) 


+  7C;/  f(v-t ■  /)] [f]  “}  K^(vp)[iUr(l))\\li]  +  \  Kj~tiy)[H}}<r(V)] 

vw  tr<i J 

with  the  initial  conditions 

M-W-W-M-®  ^s- 


The  current  forcing  function  i 


n,  =£ 


c2 


l(±)  <Jt 


Equation  (82)  is  approximated  by 

-ne  =  A ±  =  20  >.& 


(82) 


(169) 


The  current,  L (t)  ,  is  obtained  from  the  pulse  shape  for 
current  as  observed  by  Raytheon  and  shown  in  figure  56. 
The  results  of  applying  equation  (169)  to  the  pulse  shape 
of  figure  56  are  presented  in  Table  VI. 


1  34 


— I  ( IOOA/ Division) 
—  V  (  2  kV  /  Division ) 


200  n  Sec/ DIVISION 


Figure  56. 

Discharge  Current  Pulse  Shape 
Equation  (75)  can  be  solved  directly, 

s  Fg<*>  =  S%  10)  EX  P  [-IxJ/lfi  jt 

A  -ci.iqUCmI 
IV  MQip-s 

~-/3 


(75) 

(170) 

(171) 


From  Table  VI,  10  and  A  t  -20  nS  .and  the 

argument  of  the  exponent  is  of  the  order  10"6.  Therefore, 

SF6(jc)=SF6(0) 


(172) 


is  a  very  good  approximation  for  the  times  of  interest. 

Equation  (79)  can  now  be  solved  directly,  with  the 
use  of  equation  (172) : 


+J.K9(MMF  =K3SF6Ve(t) 
g(M) M K9 (tfijM  -  Kg 


(173) 
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(174) 


c ft-  +  KS,r~:K3SF67\Jt) 


(175) 


s 

fS  •£ 

Using  an  integrating  factor  of  j 

r'ft;  =  (*3  sr6,w  % 


yields. 


075) 


To  evaluate  this  expression  w i  tii  a  discrete  summation 
approximation  is  difficult  because  the  argument  of  the 
exponent  is  very  large,  Kcjt 10 ^  .  Therefore,  the 

following  technique  is  adopted.  Let 

DO 


7 ]eftJ  =  ^aci‘ 


with  the  initial  condition,  HqJO-  0  ,  gives 

oo 

/ 

Then, 


(177) 


(178) 


*=  Ks 
K 


->  S%  (01  k  ('  -  % + pf)*2 


=  I  sf6(0) 


CWO 


r  w 


/ 


x-4 


(179) 


(180) 


But,  pr+'MlO  ,  even  at  times  of  20  nsec.  Then, 

F?-t )  ^  ^l-sr6(o)-ne(u 

from  Appendix  A.  /p  CM  c  rr  /m  .  -6  MOL 

Ki,  =  l.3*ic"  k  Sf-6<01  =  4*I0  lM$- 

(181) 

1  3G 


r  T  *y  rfh 


r«  ml  i  \J  i'  ~^b 


r 


082) 


-4 


F(t)~  3 .9 y  10  -!ut) 


equations  (76)  -  (78)  do  not  depend  on  the  solution 
of  equation  (80)  and  may  be  solved  independently.  A  step- 
by-step  numerical  integration  will  be  used  to  evaluate  these 
functions  of  time.  With  this  numerical  approximation,  the 
system  of  equation  (76)  -  (78)  become 

A  =(>;6  X 

A  ^  i  Jle10  ~Ks ‘  A /_- 

A  ■  =( +  Kffcsxio4)-^  "  (,M> 

-K',0XtX2)ht  (185) 


Where 

^-[f]  X3  =  [f] 

Kl°  K/0  (l;)  ^  =  K2  +  Ky  +  Kj 

At  ^0  »'A  xr  (0}  =  ! 0  6 MOLfrfivfS 

xp}~-  Xj(0 )  -^  0 


This  system  was  evaluated  in  a  step  by  step  fashion  with 
the  20  ns  time  interval  on  a  HP-25  programmable  calculator. 

The  results  arc  presented  in  table  VII. 

The  remaining  equations  to  be  solved  are  those  for 
the  population  of  HF  vibrational  energy  levels  from 
equation  (80).  For  the"^  “  2  to  V~l  transition,  it  is  not 
important  to  consider  the  V r-  0  level  .  Again,  a  step-by-step 
integration  of  the  equations  given  by  (80)  yields  the  followinq 
system  of  equation.  The  system  was  solved,  again  using  the 
HP-20  calculator  wi th  a  step  interval  of  20  nsec.  A  table 

of  the  concentrations  of  IIF(f)  and  of  the  population  inversion 
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is  presented  in  tahlc  VIII.  Those  results  are  then  used  to 
calculate  and  plot  the  power  pulse  shape  oiven  in  the  main 
text  in  fiquro  3. 


138 


Table  VI 


Electron  Number  Density 


Time  (nsec) 

Current  (Amps) 

ne(t)  (?-.08*i6,6y,0i£) 

0 

0 

1.25 

20 

20 

3.13 

40 

30 

4.38 

GO 

40 

6.25 

80 

60 

13.75 

100 

160 

28.75 

120 

300 

39.00 

140 

325 

40.00 

1  GO 

31  5 

36.56 

180 

270 

29.38 

200 

200 

18.75 

220 

100 

10.00 

240 

60 

4.38 

260 

10 

°-63 

280 

0 

1.25 

300 

20 

3.75 

320 

40 

6.88 

340 

70 

9.38 

360 

80 

10.63 

380 

90 

10.94 

400 

85 

10.31 

440 

75 

9.06 

480 

G5 

7.81 

Tabic  VIII 


HF  Concentration  and  Population  Inversion 


T  i  me 
(nsec) 

HFU)  ] 

ic;Uuo’/a.r\ 

na?.i  ,  .. 

10  '‘-t.fOt/rj/ 

HU3) 

10'^  mol/cm 

HF(?)-HF(  1 ) 
K7l-MOI/oa- 

20 

2.80 

9.54 

4.78 

6.74 

40 

9.19 

31  .4 

15.7 

22.2 

60 

17.0 

58.1 

29.1 

41  .1 

80 

27.2 

92.8 

46.5 

65.6 

100 

52.0 

177. 

88.8 

125. 

120 

105. 

358  . 

179. 

253. 

140 

169. 

567. 

288. 

398. 

160 

221  . 

754  . 

377  . 

533. 

180 

254. 

865. 

432. 

611  . 

200 

264. 

899. 

449. 

635. 

220 

248. 

841  . 

419. 

593. 

240 

216. 

732. 

364. 

516. 

260 

179. 

604. 

299. 

425  . 

280 

140. 

470. 

232. 

330. 

300 

111. 

373. 

182. 

262. 

320 

94.8 

316. 

153. 

221 . 

340 

90.4 

300. 

145. 

210. 

360 

90.2 

299. 

144. 

209. 

HI 


Appendix  C 

HF  Laser  Operatinq  Instructions 


This  appendix  lists  the  HF  laser  turn-on  procedure  used 
in  this  study.  The  procedure  differs  from  that  of  refernce 
[3:84-89],  due  to  the  modifications  made  to  the  laser.  The 
starred  entries  note  changes  and/or  additions  to  the 
operating  procedure  dictated  by  these  modifications. 


*  (1)  Turn  on  the  400  cycle  power  qenerator 

*  (2)  Turn  on  the  red  warning  light  (outside  lab  door)  on 

*  (3)  Turn  room  exhaust  fan  on 

*  (4)  Turn  roof  fan  for  vacumm  pump  and  the  vacumm  pump  on 
(5)  Turn  the  chilled  water  supply  on 

*  (C)  Turn  the  two  pulse  generators  and  their  power  amp  on 

*  (7)  Itirn  on  Boxcar  Integrator  #3  and  establish  triqqerinq. 

(8)  Turn  o.t  Voltage  Doubler  Fan  and  ‘FI  ui  d'  Cooli  fig  Pump 

*  (9)  Ground  the  TM  30  wire  wound  resistor,  momentarily 
(10)  Turn  rosevoir  heater  on,  79?.  WAIT  5  MINUTES. 

*  (11)  turn  Ti*  30  unit  on 

*  (12)  Turn  gas  detector  on 

*  (13)  Check  the  gas  pressure  in  the  HF  laser,  (Approx  1  torr). 

*  (14)  Turn  the  HV  DC  220  Voltage-Single  Phase  circuit  breaker  on 

(19)  Open  the  SFg  and  H2  gas  bottles  and  main  qas  line  valves 
(16)  Let  SFfi,  and  then  H2  gas,  into  the  cavity;  select  mixture 

*  (17)  Adjust  the  By-Pass  valve  for  the  desired  pressure 

(18)  At  60  torr  or  better,  turn  on  the  oas  recirculating  fans 

*  (T9)  Set  resovoir  setting  at  85  -  90  % 

(20)  Turn  the  HV  DC  supply  on  an  raise  voltage  to  desired  level. 

*  (21)  Check  for  discharge,  power  pulse. 


The  laser  turn  off  procedure  is  the  reverse  of  the  above 
listed  procedure. 
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Alpp-rm lr _ 1) 

II l’> t- am  P r o j> o j>  a tion 


The  ihtory  of  gaussian  beam  propogatioa  will  be  used 
to  calculate  the  beam  spot  size  as  a  function  of  axial  distance 
for  two  different  focusing  lenses.  The  following  model  is 


used : 


Germanium 
Output 
Mirror  7  7. 

7 


At  Z-  ,w~w-  and  R=Rj^  .  From  the  results  of  the  beam 
diveregence  experiments,!^  —  6mm,  =  95.3ci'.  The  focusing 
lens  is  Fj- 25cu  or^  =  S0cm. 

For  a  thin  lens. 


„  /  ^  / 

°2 

Qj  F 

<186) 

where 

/ 

t 

jlL 

0(Z) 

~  Rib 

7  r  iv'fo; 

087) 

Then 

/ 

i_\  - 

/  -L  _  L_  V 

/  X 

r2- 

- * — _ 

nwf 

U/  /=■ ; 

TTW? 

088) 

and  equating 

the  real 

an  imagniary 

parts  of 

equation  (  138) 

±_  _  I _ _/_ 

R^  ~  Rj  F  and  -  Wj 

Translating  the.  bean  through  the  distance/,  to  Z-r : 


(189) 


But , 


_  / _  __  Rj  FT{(j5j_ _ 

*,hw 


And  thus. 


rJ  TiW-f 


n  „  ^  ~  FiFjFFFfJ  F-  RbF^-lXRiF' l 

Q3"Q2+l~  rrZ^F-R^itRjF  ~ 

or, 

/  „  TC(J[(F~  R))~L\ 
a3  wftlyF+LF7-  IjiFiA  ffrL 

Equation  (193)  can  be  rewritcn  as 

i  c  tf- mF*L  i-Ai-h  >•■$&?  , . 

%  ( R,F+LF"R (RlF’iLF-R,TP+(\‘ 


(191) 


(192) 


(193) 


■'A  1 9  4  ) 


From  equation  (186) 

ij.  tx  r_ 

°3  *3  Fq 

Define  the  position,  L  ,  by  Z  specifying  the  beam  waist 


(196) 


Then , 

L-^o  o 

R3  (196) 

Equating  the  real  parts  of  equation  (194)  and  (196)  yields 
,  _  ,  _  „  I  «  A  RlF'F,  f  r-  1 


L=-(F-  R/)  Rf  f[  (A  y  ;Xj?  )  f  (F~  $  J 


(157) 


Equating  the  Imaginary  parts  of  equations  (194)  arid  (196) 


yields  _ 

l\  .  Lhi^LBiL,  .  ...  __ . 

'  l  (n)Fi-LF  -  R{l]F- 

Or,  simplifying  equation  ( 1 9  S ) , 

Wo  =  ca, 

1 L  (R,n^ 


(198) 


(199) 


144 


Now,  substitute  equation  (197)  into  equation  (199). 


After  simplification,..  „ 

A  -'i'/C/ 


(200) 


For  the  initial  values  of#/ and  ^quoted  in  the  first 
pa  ra  graph , 

(^TOJfV  -.5®  /,//D  /./6  (20)) 

for  F-25CM.  and  F-50CM  ,  respectively. 


and 


Since, 


0)o  ^  OJ 


‘of  «  */ 

’  ( X  F'jF '/m$\ A  _  £  /  £. 

lV  RrF‘/  7 T(jOf  firr 


Uo-7.4*  I05CM  AND  3.4>1/0*CM 


(202) 

(203) 


(204) 


for  F*=25CM& nd  50  CM  ,  respectively. 

Fro  in.  equation  (197),  the  value  of  /.  is  v3390/o>* 
I05.2CM  for  F^  25  CM  snd  F-50CM  focal  lengths. 

Equation  (199)  can  be  used  to  obtain  the  spot  size  at 


Z-  Lt  20  CM 


(20 


5) 


For  25 CIA  U)-*~  3 and  for  F350CM  ,  CJ3 -/./*•»; m,  at  the 
ends  of  the  CO2  cell,  if  the  cell  is  centered  at  the  beam  waist, 
2=33.9  CM  and  IC5.ZCM  ,  respectively. 


The  location,  05.2  CM •  Is  rather  large  for  the  laboratory 

and  t  Is  o  beam  size  of  a  L  the  ends  of  the  CO^  should 

be  satisfactory.  Thus,  the  h "V.3 CM  focal  lenoth  lens 
w i  11  be  used  to  focus  the  HF  beam  into  the  CO2  cavity. 
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the  forward  propdoa  t  i  u»>  direction.  C0j>  lacing  was  erratic, 
due  to  near  threshold  pulping  conditions. 

A  theoretical  model  of  the  linetiCi  of  the  SFf  +  Hy/ 
electric  discharge  was  »?st?bl  is  he  e .  Pulse  widths  predicted 
by  this  theory  end  those*  observed  experimental  ly  agree  well. 
The  predicts!  power  ?c.n1  1  tude  is  larger  tiitd  observed,  due 
to  losses  not  included  in  the  model. 

The  tie;  endence  of  COp  output  power  on  II F  frequency  was 
not  observed  ■  xpe  ri  n:  n  i  1  1  y  .  The  contradiction  between 
estab'i  i  shed  theory  and  previous  experimental  results  was 
e  >;pl  a  i  ned ,  heweve  r . 
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